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we’re reducing... 


the size of our electrolytic capacitors. The new type BR miniature electrolytic 


capacitor retains all the characteristics of this well-known range with the added 


advantage of reduced size. 
In modern equipment where every square inch of space is vital, these new 


capacitors will meet the physical requirements without any degradation of the 


electrical specification. 


Dia. (in.) Length (in.) 


including sleeve 


Capacitance (uF) D.C. Wkg. Voltage 


12 
12 
25 
25 
50 
50 
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We shall be pleased to supply full information upon request. 


DU IB ner 


SUBILIER CONDENSER CO. (1925) LTD - DUCON WORKS - VICTORIA ROAD - NORTH ACTON - LONDON W.3 


Telephone : ACOrn 2241 Telegrams : Hivoltcon Wesphone Londo} 
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1.5 X actual size 


400 mA 750 mA 
*“Moly-G ”’, hard glass hermetically sealed case. Hermetically sealed metal case. 
Unit Weight 0.195 Grms. Unit Weight 1.6 Grms. 


NOW AVAILABLE 


SILICON RECTIFIERS 
200—600 volts P.LYV. 


High current with high voltage 
These new ‘Texas’ Diffused Silicon d 
; High Forward to reverse current ratio 
Rectifiers provide you with :— 
Wide operating temperature range 


Peak Inverse Voltage: 200 300 400 500 600 volts 
TYPE NUMBERS Moly G: 1S111 18112 18113 18114 18115 
Metal Case: 18001 1S002 18003 18004 1S005 


‘MOLY G’? ‘METAL CASE’ 
MAXIMUM Average rectified Forward Current at 25°C 400 750 
Average rectified Forward Current at 150°C 150 250 
RATINGS Recurrent Peak Forward Current at 25°C 1.25 2.5 
Surge Current 1 Sec. D.C. at +25°C to 150°C 3.0 15.0 


SPECIFICATIONS Max. Reverse Current at P.I.V. 25°C 
Max. Reverse Current at P.I.V. 100°C 
Max. Voltage Drop at I,=400 mA at 25°C 


Please write for Data Sheets of these Rectifiers and of 
our comprehensive range of Silicon Transistors. 


TEXAS INSTRUMENTS LIMITED 


DALLAS ROAD «BEDFORD - TEL: BEDFORD 68051 - CABLES: TEXINLIM, BEDFORD 
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ABdadawvance 
im 
maimiature 


Plessey are not just marching in step with the present day trend 
of increased miniaturisation, but are keeping quite a few paces 
ahead with advanced techniques and products that contribute 
to more compact and increasingly efficient electronic and 
associated equipment. 


The Plessey range of sub-miniature Co-axial Plugs and Sockets 
are excellent examples of the Company’s development and 
manufacturing ability, being eminently suitable for use in 
transistorised electronic equipment, mobile transmitters, etc. 
They are specifically designed for matched impedance coupling 
of H.F. co-axial cables. 


Operating Frequencies up to 29,000 megacycles per sec. 
Temperature Range; —55°C to 75°C 

Working Voltage; 600 volts R.M.S. 

Impedance; 50, 70 and 93 ohm lines can be accommodated. 


Design engineers with problems 
in miniature are invited to apply for 

samples and further details which will 
gladly be sent in response to requests. 


AIRCRAFT & AUTOMOTIVE GROUP * WIRING & CONNECTOR DIVISION 


Plessey 


* ESSEX * TELEPHONE: ILFORD 3040 


THE PLESSEY COMPANY LIMITED CHENEY MANOR‘ SWINDON‘ WILTS 


Overseas Sales Organisation: PLESSEY INTERNATIONAL LIMITED * ILFORD 


¥ @ PW3a 
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Some Massicore transformers look very unusual 
for they are often the first of their kind anywhere and 
4 designed to meet unprecedented requirements. 
Extraordinary ats have a anes customary appearance, but all 
Massicore transformers have the same essential ingre- 
OY  dient—conscientious craftsmanship. Massicore trans- 
formers are built to last a lifetime. 
Equally important is the individual attention given 


Customary to all enquiries and orders regardless of size; and we 


make a point of keeping our delivery promises. 


SUE 


The unusual Heater Transformer on the 
left was specially designed for use in circuits 
where a degree of isolation at radio frequen- 
cies is required. The input is standard 
200/250 volts at 50 cycles, and the second- 
ary is rated at Io volts 200 amps. The 
special feature of this instrument is the 
extremely low capacity from the secondary 
to primary and core, this having been kept 
down to 24 p.f. 

And above, more orthodox but made to the 
same unusually high standards, is a simple 
Switching Transformer. The primary is in 
series with the operating coil of a contactor 
and of an impedance high enough to pre- 
vent the latter closing until the secondary 


RESSS 


d Corner for Contented Customers 


“We are designing a new range of audio is short circuited. The secondary never ) 
amplifiers for specialised work and knowing the develops more than 25 volts, can be earthed 
high quality of your transformers wish to and operated by low voltage switch devices. 


incorporate them in the design’”’. 
S.E., BOGNOR REGIS. 


SAVAGE TRANSFORMERS LIMITED. Devizes, Wiltshire. Tel: Devizes 932 


TP/s58 
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CHAFFINCHES communicate with 
their fellows by means of twelve main 
calls. On these they work a series of 
variations by which they can 

convey information. 


FRINGILLA COELEBS 


_. but when it’s telecommunications, it’s 


Automatic Telephone & Electric Co. Ltd 


LONDON AND LIVERPOOL 
C00 ma 


——_<—<$<$—$—<—<—<— AT 1891 


Continuing its progressive policy of telephone 
communications development, the Government of Nigeria 
has ordered a G.E.C. microwave radio-telephone system 
to provide service between Lagos and Ibadan. 

G.H.C. 240-circuit 2000 Mc/s radio-relay equipment, 
together with G.E.C. carrier-telephone equipment, 

will provide 480 speech circuits and a spare radio channel 
arranged to give automatic standby facilities. 

A complete radio transmitter and receiver 
is mounted on one 7’ 6” rackside. 


For further information please write for Standard Specifications S.P.O. 5501 and 1370. 


THE GENERAL ELECTRIC COMPANY LIMITED ‘OF 


ENGLAN 
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TRANSISTORISED RURAL-CARRIER TELEPHONE EQUIPMENT 
38-CIRCUIT OPEN-WIRE LINE EQUIPMENT 
12-CIRCUIT OPEN-WIRE LINE EQUIPMENT 


TELEPHONE EXCHANGE EQUIPMENT 


ALTOGETHER OVER 
77,000 CARRIER GHANNEL MILES 


FOR NIGERIA 


_EPHONE, RADIO AND TELEVISION WORKS - COVENTRY : ENGLAND 
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LONG-DISTANCE ISB: TELEPHONY SYSTEMS [iiittactarelooitcnta@emca lo stemny 


systems using ISB technique has been pioneered by Marconi’s. By improving the utilisation 


of the radio frequency spectrum and achieving much better performance over individual cir- 
cuits Marconi’s have greatly extended the availability of telephone services on international 
circuits operating on H.F. 


As with other types of communications systems, Marconi’s can offer unrivalled facilities and 
experience to those contemplating this class of service. From the initial technical consul- 
tations to the maintenance of the system in service and the training of the staff to operate | 


it, Marconi’s alone can undertake the whole project. 


— 
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COMPLETE COMMUNICATION 
SYSTEMS — all the world over 


MARCONPS & A.T.E. Co-operation between Marconi’s and Automatic Telephone and 
Electric Co. Ltd., now brings together an unrivalled wealth of knowledge and experience for 
the benefit of all whose work lies in the field of telecommunications. 


The Lifeline of Communication is in experienced hands 


MARCONI 


Complete Communication Systems 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX 


LC lé 
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MARCONI TELEVISION RECORDING EQUIPMENT 


NW 


\ 


TYPE BD679 RECORDING CHANNEL 


\ 
\\ 


ADKFT 


\X 


7 16mm film presents a most 

economical and flexible means 7 
7 : eure ane 1 
7 of recording television picture D 
_ since film costs are low, develop- 
L ing and printing techniques are f 
advanced and a wide range of 7 
fine grain film stocks are readily _ 
available. Projection, editing, 
viewing, dubbing and handling 7 
_ are all easily carried out with 
- standard equipment. The Fast 
- Pull-down technique presents . 
C great advantages over other - 
systems of recording on film but 7 
p° | 
_ the mechanical difficulties of - 
/ moving the film in the short 7 
- period of frame blanking have 
/ hitherto prevented the employ- _ 
ment of the technique. These _ 
problems have now been success- 7 
fully overcome by Marconi’s. 
7 7 
7 
/ Features 7 
7 7 
Exceptionally high picture quality. ‘ 
7 Specially developed gearbox enables Fast Pull- ™agnetic stripe or separate synchronous 7 
y k 7 
down technique to be employed. F.P.D. ah ees: : ; 
7 Mechanism has given over 3,000 hours trouble- Conveniently placed input selector switches, Y 
7 
7 free operation. monitor and level controls. Sound/Vision 7 
Pull-down time adjustable, normally set at 2 cueing devine ines? porated: . 
milliseconds permitting recording of fully inter- Recording can be made oF positive or negative 
7 faced Sick Sinise cinble lene pon aeee stock of a wide variety, either direct positive, 7 
acer Pacire, olmp’s singie“ens optica’ system direct negative or reversal. Magazines hold 
avoids loss of contrast. 2,400 ft. (2,000 ft. magnetic stripe) or film may 
_ Sound can be recorded on optical track, be fed directly into a rapid processor. _ 
i MARCONI ] 
Y 

Y 

COMPLETE SOUND AND TELEVISION BROADCASTING SYSTEMS 

7 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLANI: . 


AW 


\ 
LEA 
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IMAGE ORTHICON CAMERA Type BD808 (illustrated) 


Features 


ba 


Uses either 3” or 44” Image Orthicons. 

Designed for ease of servicing, excellent accessibility 
and plug-in sub-units. 

Four position turret will carry any combination from 
2-inch to 40-inch lenses. 80-inch and zoom lenses may 
also be used. 

Viewfinder can be tilted up or down to give the most 
comfortable viewing position. 

Camera Control Unit may be used with 10” picture 
tube and 3” waveform tube, or with 14” picture tube 
and 5” waveform tube. 

Remote control of light intensity by variable graded 
filter. 

Optional remote control of focus and turret. Optional 
semi-automatic alignment circuit. 

Built-in turret for neutral density and colour filters. 
Full range of accessories available for both studio and 
outside broadcast roles. 


BROADCAST VIDICON CAMERA Type BD864 


The most recent addition to the Marconi range of 
Television Equipment. 


Features 


Compact, easily operated by one man. The camera has 
integral viewfinder with 7” tube and 2?” waveform 
monitor and includes all operational controls. 
Channel consists of Camera and Power Supply only— 
but optional Remote C.C.U. and Monitor position 
available. 

Use of close-tolerance double-triodes in all valve 
circuits except one and printed wiring assemblies 
ensures great reliability. 

Rapid semi-automatic beam alignment, built-in 
aperture correction and gamma correction circuits 
are provided. Designed to make the best use of any of 
the present Vidicon tubes and with ample flexibility 
to deal with foreseeable developments. 

4-position turret with positive location takes wide range 
of fixed and zoom lenses. 


MARCONI 


COMPLETE SOUND BROADCASTING AND TELEVISION SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
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Holding out for good 
connections? 


There are almost certainly enough high grade SPECIFICATION 
ones in this 62-way connector. It was designed to Contact Resistance : less than 3 milli-ohms 
fulfil an Admiralty requirement that could not be Insulation : 2kV. between contacts 
eee ; Voltage rating: 750V. r.m.s. working 
We by any other connector, and yeu will find ut Current rating: 10A. max. per single contact 
suitable for many rack-mounting applications Insertion pressure : 30 lbs. 
where low contact resistance, high voltage and Withdrawal pressure: —_18 lbs. 
current capacity and excellent insulation are 3l-way connector also available with identical specification 
, except insertion and withdrawal pressures are 20 Ibs. and 9 Ibs. 
major factors. respectively. 


APPROVED 


CONTROLS 


IP th 18 12 


POWER 


POWER CONTROLS LIMITED, EXNING ROAD, NEWMARKET, SUFFOLK 


Telephone : Newmarket 3181 /2/3 Telegrams : Powercon Newmarket 
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The Inside Story 


There is, of course, a lot of ‘‘ know-how” in the manufacture 
of a high stability resistor element to the exacting character- 
istics demanded of a high stability resistor, but, having made 
the element, two problems remain. How to protect the smoke 
thin resistance film from damage in transit, in handling, and in 
assembly, and how to isolate the element from contact with 
paints, lacquers, and other finishes, all of which have a 
tendency to pull the film under extremes of temperature and 
humidity. 

In the Erie high stability resistor these two problems have 
been solved very simply and with complete effectiveness by 
the encapsulation of the element in the ceramic insulating tube, 
cement sealed at the ends, proven on billions of Erie solid 
carbon resistors and ceramic dielectric capacitors in use 
throughout the world. This tube obviously affords complete 
protection from all manner of physical damage, and, as can be 
seen from the illustration, the counter bore at either end and 
the close affinity between the counter bore and the caps of the 
element ensures that the element is supported by the caps 
clear of the inner bore of the tube, and there is thus no contact 
whatsoever with any material that might prove harmful. 


Only Erie high stability resistors are protected in this way, 
and that is why they are found in all equipment where 
robustness and reliability under all conditions must be allied to 
first-class performance. 


* Registered Trade Marks 


Carlisle Road, The Hyde, London, N.W.9., England. Tel: COLindale 8011. 
Factories: London and Great Yarmouth, England; Toronto, Canada; Erie, Pa., 
and Holly Springs, Miss., U.S.A. 
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Fourier analysis of Waveforms 


PULSES 
FERRANTI 


A Radar Pulse shown on a Cathode Ray Tube Screen 


One of the many programmes for the Pegasus digital 
computer, made available through the Ferranti Computing 
Service, evaluates the Fourier coefficients of a periodic 


function. Any precision, up to the 200th harmonic, may 
be obtained. 


% You have the data. 
* We have the computer. 
* You get the answers. 


For further details of this programme or details of the Ferranti Computing. . 
Service, phone or write :- 


LONDON COMPUTER CENTRE 


21 PORTLAND PLACE, W.1I 
T T Telephone: LANgham 9211 
Works: 


WIEST GORTON : MANCHESTER 2 


DC 47 


ee 
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CATHODEON 


Prompt delivery and competitive prices of all: 
Crystal types in the frequency range 1,000 Kc/s to 75,000 Ke/s 


CATHODEON CRYSTALS LIMITED 
LINTON _- CAMBRIDGESHIRE 
., Telephone: LINTON 50 (3 lines) | 
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MANIFESTLY... 


“FM. deviation is maintained sensibly constant at all carrier 
frequencies in every band by feeding the reactor valve from the 
a.f. source via a continuously variable potentiometer, cathode 
follower, and ganged attenuating system, while A.M. 1s applied 
to the last harmonic multiplier in order to overcome the 

spurious f.m. often encountered when modulating 


an r.f. oscillator directly.” 


AX 


AKG 


t’s to be expected that a lad familiar with the exploits 
of Dan Dare, nuclear fission and analogue computors 


NOE 


would be knowledgeable about.a relatively simple in- 
strument like the Marconi Signal Generator Type 
TF995A/2— but are you as well-informed? Do you 
know that it has a frequency range of 1.5 to 220 Mc/s, 
and an output range of 200 mV to 0.1 nV? That it has 


_ 
: 
LU 
L 
L 
; 
7 
) a built-in crystal calibrator and direct-reading incre- 
7 
- 
) 
/ 
7 
l 
/ 


AK 


AK 


mental frequency control? That it is F.M. or A.M.— 
or both, simultaneously? Such basic facts about what 
is a standard unit of telecommunication test equipment FM/AM SIGNAL GENERATOR 
should be known to every electronic engineer. If you Type TF 995A/2 

don’t know them, don’t be too shy to admit it—write 4.5 44 999 Mc/s: crystal check facilities from 13.5 


for leaflet K 111 which describes this Signal Generator Mc/s upwards. Output : 0.1 aV to 100 mV at 52 and 
5 "i 75 ohms, and up to 200 mV at 75 ohms. Internal 
in detail. 1000-c/s modulation:»a.m., variable up to 50% 
depth; f.m., variable up to 25 and 75 ke/s deviation 
on all r.f. ranges, also greater max. deviations—up 
to 600 kc/s on the highest range. External modu- 
lation ; f.m., up to 15 kc/s modulation frequency ; 
a.m., up to 10 ke/s. 


CK KCgKRKRh#i 


A 


\ 


7 
| 


AM & FM SIGNAL GENERATORS + AUDIO & VIDEO OSCILLATORS 

FREQUENCY METERS + VOLTMETERS + POWER METERS 

DISTORTION METERS . FIELD STRENGTH METERS 

TRANSMISSION MONITORS : DEVIATION METERS 

OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS 
Q METERS & BRIDGES 


MARCON! INSTRUMENTS LTD~- ST. ALBANS-~-: HERTFORDSHIRE’: TELEPHONE: ST. ALBANS 56161 
London and the South: Marconi House, Strand, London, W.C.2. Tel: COVent Garden 1234 
Midlands :; Marconi House, 24 The Parade, Leamington Spa. Tel: 1408 North: 30 Albion Street, Kingston-upon-Hull. Tel: Hull Central 16347 
WORLD-WIDE REPRESENTATION 


TCH 
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lf its a uestion of flexibility. . 


the L.F.O1 


low frequency 
wave-form generator 


leads the World! 


The L.F.51 is an all-British Function Generator of patented 
design giving a flexibility that has not even been approached 
by any other instrument. It has now been in production for 
nearly two years and has been widely adopted for driving 
analogues and real systems in the United Kingdom and 
abroad. (Exports, including U.S.A., are over 25% of sales.) 


37 Different Waveforms can be generated 


SINEWAVES (500C/s down to 1 cycle every 33 minutes) 

Shae WAVES AND PULSES tIoozS to 1,000 secs (rise time 
suS 

RAMPS (lasting 1 millisecond to 1,000 seconds) 


Single or repeated pulses of square, triangular, sawtooth, cosine, 

trapezium shape, sine squared, etc. With modification of I unit, a 

variety of non-standard shapes can be simulated in either single 

transitions or pulses, e.g. Gaussian. The L.F.51 with wooden ends, removable 
for use in the 19 in, rack. 

VOLTAGE 150 volts to less than 100 microvolts peak to peak 


LOAD current up to 5mA peak 

Four internal stabilised supplies, to maintain frequency and amplitude 
calibration 

Plug-in construction for ease of servicing and compactness 

Special synchronising circuit to trigger CRO, etc., in advance of 
sutput wave. 

Decade frequency setting. Balanced (reversing) output 

‘echnical Data Sheets available on request. 


One of the six plug-in units 


ervomex Controls Limited - Crowborough Hill + Jarvis Brook * Sussex * Crowborough 1247 
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THE VALVES FOR J BAND OPERATION 


SS eS 0 Se —~E aq 
ENGLISH ELECTRIC = 


MAGNETRON TYPE M555 


_/ This is a new packaged magnetron for 


pulse operation in J Band with a peak 


XC "J : eG, input power rating of 240 kW. Par- 


ticular care has been taken to 


_ produce a compact, rugged valve 


THE M555 
can be supplied for fixed 


frequencies within the range A 


14,000 to 16,500 Mes. 


KLYSTRON TYPE K343 


This is a low voltage reflex klystron for 


J Band operation with a minimum power 
output of 20 mW at 350 volts. The moulded 
base and flying leads specially commend it for 


This is generally similar to type K343 with mech- high altitude operation. It has mechanical tuning 


anical tuning from 14,500 to 17,000 Mc/s. covering the range 12,000 to 14,500 Mc/s. 


Both these klystrons, which may be used in conjunction with the Ms¢55 or in other 
J Band applications, have 30 to 80 Mc/s electronic tuning. The output connections 


are American type UG419/U feeding into No. 18 Waveguide. 


ENGLISH ELECTRIC VALVE CO. LTD. sehen te ree 


AP/95 


Cxix) I.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


Voltage Regulating Relay 


ZA44704 
ZA44706 


ZA44705 
ZA44707 


The Voltage Regulating Relay 

2 was designed in co-operation 

Two forms of the relay are available, with S.R.D.E., to reduce voltage 
either fully hermetically sealed or en- variations in certain essential 
closed and tropicalised but unsealed. circuits of radio sets and has 
The inter-service reference numbers are many other applications of a 
ois similar nature. 
as fo : This is particularly necessary in the case of vehicle- 
Unsealed borne equipment, with pom et supplies consisting of lead 

rp acid batteries and a small charging generator. 

oo ae al eee cahleae ey The armature is balanced to withstand vibration, and 
ZA 44 BES Wen TLE bebe (OWN e the complete relay has been subjected to severe vibration 


Sealed testing. | nap oe : : : 
Magnetic shielding is achieved by the iron case, enabling 


= rinks ee ee the relay to be ined within reasonable proximity of trans- 
pikes Saget ormers, cho , etc. 
The Voltage Regulating Relay complies with the strin- 
GNE gent Ministry of Supply specification No. 166/1, to operate 
wh Zi lo within tolerance, over a temperature range of — 40°C. to 
+85°C. 


MAGNETIC DEVICES LIMITED 


A.|.D. & A.R.B. approved 
r=) S EXNING ROAD, NEWMARKET, SUFFOLK 
cys A Telephone: Newmarket 3181/2/3 Telegrams: Magnetic Newmarket 


MD 20 


These have been in regular quantity 
production for the past two years, 
and have proved themselves reliable 
and stable ina variety of applications. 
They are admirably suitable for all 
forms of DC to DC or DC to AC 
Converters, High Power portable 
Amplifiers and Public Address 
Equipment. ‘‘GoLropr’’ Power 
Transistors are the first to be offered 
for immediate delivery in quantity. 
Representing the latest develop- 
ments in’semi-conductor technique 
for power applications, these 
entirely British-made p-n-p 
Germanium Junction Transistors 
will open up entirely new fields to 
designers of industrial, commercial 
and military equipment. 


POWER TRANSISTORS 


available NOW in commercial quantities 


Available in 6 TYPES, all for 10-watts power dissipation: 


V15/10P. V15/20P. V15/30P. for 15 volts max. High power rating—up to IOW at 
V30/10P. V30/20P. V30/30P. for 30 volts max. audio and supersonic frequencies. 


Maximum Collector Power Dissipation | , : tamb > 25°C High current ratings up to 3A DC. 
(DC or Mean) for all types amb=25°C | Reduction|°C f 


Long life. 
(1) Clamped directly on to 50 sq. in. of ss Z 
16 S.W.G. aluminium Excellent resistance to mechanical 
shock. 


(2) Clamped directly on to 9 sq. in. of 
16 S.W.G. aluminium 


Hermetic sealing and rigorous manu- 
facturing control ensure uniformity 
between heat sink and transistor and stability of a high order. 


(3) As (2) but with 2 mil mica washer 


(4) Transistor only in free air 


British Design, Materials and Craftsmanship 


Data sheets gladly forwarded on request 


All trade enquiries to: Newmarket Transistor Co. Ltd. 
Erning Road, Newmarket. Telephone: Newmarket 3381/4 


TA 10705 


> 
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MUTUAL & SELF INDUCTANCE BRIDGE 


Designed for the accurate measurement of either mutual or self 
inductance and resistance in the range 0:00!,.H to 30mH and 
100u.Q to 3000Q respectively. 

All measurements are made in the form of a four-terminal 
network and inductance and resistance of leads and clips are not 
included in the measurement. 


Accuracy within + 1% frequency 1592c/s (w = 10 000) 


Full technical information on this and other ‘ Cintel’ Bridges is 
available on request. 


Bohii.7e TELEVISION LTD - 


A COMPANY WITHIN THE RANK ORGANISATION i Mite 


WORSLEY BRIDGE ROAD + LONDON °°: _ S.E.26 
HITHER GREEN 4600 


SALES AND SERVICING AGENTS 

Hawnt & Co. Ltd., 59 Moor St, Birmingham, 4 

Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow 
McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester 16 
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| PHILIPS |B 


Radio & Television Receivers - 


Radiograms & Record Players - 
*Photoflux’ Flashbulbs - 
Arc & Resistance Welding Plant and Electrodes - 
Projectors * Tape Recorders 


Electric Dry Shavers - 


* Health Lamps - 


Gramophone Records - 
High Frequency Heating Gencrators - 
Electronic Measuring Instruments * 


Hearing Aids « Electrically Heated Blankets 


( xxii ) 


in Science and Industry alike... 


among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 


a symbol of quality and dependability. 


PHILIPS ELECTRICAL LTD 


Century House : Shaftesbury Avenue - London - WC2 


Tungsten, Fluorescent, Blended and Discharge Lamps & Lighting Equipment ~ ‘Philishave' 
Heat Therapy Apparatus 


Sound Amplifying Installations - 


X-ray Equipment for all purposes - Electro-Medical Apparatus - 


Magnetic Filters - 


Battery Chargers and Rectifiers - Cinemz 


(P23 REV., 


LIGHTWEIGHT 
ELECTRICAL 
EQUIPMENT 


Our manufactures include: 


Aircraft 
Motors 


Generators and 


Automatic Voltage 
lators 


Regu- 
Rotary Transformers 
High Frequency Alternators 
H.T. D.C. Generators 

The illustration shows a small 


high-speed fractional H.P. 
motor and miniature Rotary 


Transformers for ‘‘Walkie 
Talkie’ and other RADIO 
applications. 


NEWTON BROTHERS 
(DERBY) LTD. 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY 
TELEPHONE: DERBY 47676 (4 lines) TELEGRAMS: DYNAMO, DERBY 
LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W.C.2 


THE INSTITUTION OF ELECTRICAL ENGINEER 


presents 


THE 
INQUIRING MINI 


a film outlining the opportunities for a career 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield Hee 
Commentator: Edward Chapman 


Copies of the film may be obtained on loan by schoo 
and other organisations for showing to audiences « 
boys and girls or others interested in a profession 
career in electrical engineering. The film is available 
either 35mm or 16mm sound, and the running time 
30 min. 


Application should be made to 


THE SECRETARY 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACE, LONDON, W.c.2 
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QUARTZ 
CRYSTALS 


From 
200 cycles/sec. 


Mor long term stability and 


to 
90 Mc/sec. 


unfailing activity, G.E.C. Quartz 


Crystal Units provide the basis 


‘or reliable communications 


iy stems. 


4 complete range of units to meet 


).E.F.5211 and R.C.L.271 


nter-Services styles can be 


supplied. 


SALFORD ELECTRICAL INSTRUMENTS L 
( COMPONESEES GROUP ) —— 

mao ES MIEL. * HEYWOODB2LANCASHIRE Telsy Hage 6868 
London Sales Office == 1: Temple Bar 4669 = 


ii wie aor ie GENERAL ELECTRIC CO. LiD. OF ENOL AND 
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| INVALUABLE IN EVERY FIELD OF INDUSTRY 
\ 


; ya 
| = 
al 


| COSSOR 
OSCILLOGRAPHS 


Trial-and-error methods of 
fault evaluation are outmoded, 
inaccurate and expensive. 
With a Cossor Oscillograph, the 

modern Engineer is armed 

with an instrument that will 

display, measure and time the 

action of his electrical or 

mechanical machinery with 

precision, speed and certainty. 

It is worthwhile, therefore, to 

investigate the possibilities of a 
these versatile instruments ia your 

Industry by writing to: 


COSSOR INSTRUMENTS LIMITED 


The Instrument Company of the Cossor Group 
COSSOR HOUSE - HIGHBURY GROVE - LONDON, N.5 
Telephone: CANonbury 1234 (33 lines) Telegrams: Cossor, Norphone, London Cables: Cossor, London 


( xxv ) LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


METROVICK 


Pneumatic -Electric Converter 


Type P.C.8 


the perfect link between 
pneumatic & electronic control systems 


The Type P.C.8 Pneumatic-Electric Converter has been designed primarily as a link between 
oneumatic and electrical control systems where standard units in the two control mechanisms need to be combined. 
The input pressure is the normal 3-15 p.s.i. gauge used in process controllers and the output voltage 
(100 V max.) is suitable as, for instance, a reference voltage for most commercial motor speed controls. 


Other applications include conversion ‘of air pressures for electrical recording. 


Write for leaflet No. ES4566/2 


METROPOLITAN -VICKERS 


ELECTRICAL CO LTD TRAFFORD PARK MANCHESTER, i7 


An A.E.1. Company 


INDUSTRIAL PROCESS CONTROLS 


R/E 703 
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Control 
Console 


* Electronically controlled 5 band 
privacy equipment. 


* Channel shifting equipment for 
1.$.B. transmission. 


* Centralised control, local or remote. 


* Full monitoring and supervision 
facilities. 


RID SB PRIVACY ‘5E’ 


Siemens Ediswan radio telephone terminal equip- 
ment provides efficient connection of a land tele- 
phone system to a radio transmitting and receiving 
station. 

Privacy equipment of various types is obtainable, 
and allows a high degree of protection against 
unauthorised interception of speech on a radio 
telephone circuit. 

There is a wide range of equipment available. 
Full information will gladly be sent on request. 


extending the frontiers of telecommunications 


SIEMENS EDISON SWAN LTD. A AEl. Company 


Telecommunications Transmission Division, Woolwich, London, S.E.18. Telephone: Woolwich 20: 
Telegrams and Cables ; Sieswan Souphone London. 
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~MULLARD 
“HIGH EFFICIENCY 


ave these outstanding features ........... 


HAY 
ts 


y NJ 

NOLAN OS a 
rt 4 
Ys 

NECK 


Pot core design facilitating rapid assembly 
Small size 

High value inductance 

Low losses resulting in high Q values 


Very fine setting accuracies 


Operative over a wide frequency range 


+ % % % % 


Controlled temperature coefficient 


Gi Yes : 5 
DR os ae Hietirren Wherever high quality pot cores are 
ARS omens 


ee ee required, there will be a Mullard type 
mance 


ete Gi 


available to meet the specification, further- 
more, they can be supplied wound to 
customers individual requirements. 


Write now for full details of the comprehensive 


range currently available. 


SUSE 


b i Ny iM 
Bi 
i UN ae 
Bava Hee PMN ISO ORZETSONS 


‘Ticonal’ permanent magnets 
Magnadur ceramic magnets 
Ferroxcube magnetic cores 


MULLARD LTD., COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.| 


MC 255A 
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Wire in modern 


perspective 


This Company manufactures an extensive 
range of insulated wires designed to 

meet all electrical needs and all 

types of application. 


Additionally, a first class technical 
service based upon considerable 
experience and progressive research 
is offered to all manufacturers 

of electrical apparatus. 


the largest manufacturers of 
insulated wires and strips in Europe 


THE LONDON ELECTRIC WIRE COMPANY AND SMITHS LIMITED 


LEYTON - LONDON : Ero 


We) 
a2 


THE 


PROFESSIONAL ENGINEERS APPOINTMENTS BUREAU 


EFFECTS introductions between employers and professional engineers (and gradu- 
ates or students) seeking to change their posts or widen their experience. 


OFFERS a unique personal service to employers and engineers, backed by eleven 
years’ experience in this specialized field. 


INVITES professional engineers seeking a change of appointment to use its facilities 


in producing a wider choice and a better post. 


WELCOMES from employers notification of vacancies for professional engineers, 
giving such details as the title and description of post, age and remuneration ranges, 
qualifications, etc., required, extent of control of staff and location of appointment. 


CAN be reached by telephoning ABBey 1737 or by writing to 


J. MUIL, M.I.E.E., Registrar and Secretary 


PROFESSIONAL ENGINEERS APPOINTMENTS BUREAU 
9 Victoria Street, London, S.W.1 
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Miniature 


high speed relay 


Currem in relay coll 


break contact 


Millisecond wave (1000~fork ) 


Oscillogram of the operating-lag of the break contact 


This small relay has earned for itself a world-wide 
reputation on account of its very rapid 

operation, great reliability and insensitivity to 
external mechanical and electrical disturbances. It was 
originally designed to meet very severe 

conditions called for by the Services; it is now in 

use in vast numbers for all manner 


of applications and varying conditions. 


Inexpensive and available for early delivery. 


Can be supplied with plug-in base if required to form 


a readily interchangeable plug-in unit. 


Hermetically sealed, unaffected by dirt or 


immersion in water and immune to wide or rapid 


We shall be pleased to give full details if you telephone 
(Woolwich 2020, Extension 621) or write to: changes of temperature or air pressure. 


SIEMENS EDISON SWAN LTD AnAE.l. company 


WOOLWICH LONDON SEI8 
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High-Stability 
Wire Wound ( 
Precision Resistors 


Felgate Electronics Limited announce a new 
range of Wire Wound Precision Resistors 
which offer utmost reliability, prompt de- 
livery, and exceptionally high _ stability 
(0:02 %). The specification speaks for itself: 


THE STANDARD RANGE 0-12 to 4MQ 
resistors outside this range can be manu- 
factured to special order. 


Accuracy up to + 0:05 % or 0-012 which- 
ever is greater. Matched pairs can be supplied 
to even greater accuracy. 


Temperature co-efficient of resistance («) — 
Two values both guaranteed: 

Cu/Ni resistance wire « = 0-002% per °C 
Ni/Cr resistance wire «=0-01% per °C 


Resistors can be manufactured to attain the 
required value of resistance at such ambient 
temperatures and loading as are specified by 
the customer. 


Resistors from 4 watt to 2 watts are available. 
All types are back-to-back wound for mini- 
mum self-inductance. 


TROPICALISATION All Felgate Resistors 
are encapsulated in a robust resin to be proof 
against humidity. 


SPECIAL TYPES are available including 


American equivalents. 


DELIVERY Owing to extremely versatile 
manufacturing techniques, prompt deliveries 
can be made against special orders, whether 
for home or export markets. 


RELIABILITY is recognised as being of 
cardinal importance to the manufacturers of 
electronic equipment—Felgate components 
are designed with this in mind. 


For further details please write to: 


FOX-POTS by 


f ~Laay, 


MMs 


Any resistance 


Vii ip > 
in 
WT 
dua” 


movement must 


be silent 


The variable resistor which becomes noisy— 
mechanically or electrically—after a 
year or two in use, is not a Fox-Pot. 


For Fox-Pots are designed, and 
conscientiously constructed, to give 
years of silent and trouble-free 
service under exacting conditions. 


Fox-Pots are, and remain, accurate 
within specified tolerances; robust; and 
so dependable that they are used on 
very important projects indeed. 


For full details and specifications of the 
large range of toroidal and helical 
potentiometers please write to:— 


FELGATE ELECTRONICS LIMITED 


Felgate House, Studland Street, Hammersmith, W.6 


e Ho P. X. FOX Ltd., 
Tel. Riverside 8141/2. 


Dept. 215 Hawksworth Road, Horsforth, Yorks. 


ndh 10077a 


Or course they do! Time and time 
again. By ‘they’ we mean our Customers 
who, having given us an order to execute, are 
pleased when they inspect the first samples, 
delighted when deliveries in bulk are made to time, 

and satisfied beyond all bounds when they discover 

that the quality is uniform throughout the production order. 


We work to the highest standards 
in the best material it is possible 
to process, and a constant watch 
is kept during production runs to 
ensure the consistent quality and 
‘finish’ of every component. 


The reward of this vigilance has 
been, that our Customers repeatedly 
‘come again’ with fresh contracts 
for entirely new components. 


Our considered Policy represents QUALITY & 
PROGRESS IN THERMO-SETTING PLASTICS 
— why not consult us with your requirements in this field ? 


Metropolitan piastic> 


‘elephone: 
T1IDeway 1172-3 


GLENVILLE GROVE ° DEPTFORD .- LONDON S.E.8 
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<(j> FREQUENCY STANDARD 


TYPE 76l 


HE AIRMEC FREQUENCY STANDARD TYPE 761 has been 

designed to fill the need for a self-contained frequency standard of 
moderate cost and high accuracy. It incorporates an oscilloscope for visual 
frequency comparison, and a beating circuit and loudspeaker for aural 
checking. A synchronous clock, driven from a voltage of standard 
frequency, provides a time standard and enables long time stability 
checks to be made. 


@ Master Oscillator: Crystal controlled at a frequency of 
100 kc/s. The crystal is maintained at 
a constant oven temperature. 


@ Outputs: Outputs are provided at 100 c/s, 


1 kc/s, 10 ke/s, 100 ke/s and 1 Mc/s. 


The above outputs are available 
simultaneously with sinusoidal ‘or 
pulse waveform from separate plugs. 


@Waveform: 


@ Stability: Four hours after switching on, a short 
term stability of better than 1 part 


in 106 is obtained. 


Full details of this or any other Airmec instrument will be forwarded gladly upon request 


AIRMEC 


ILLUSTRATED 
7s DETACHABLE BIT MODEL (Factory bench 


bly, 
(List No. 64.) we assembly 


PROTECTIVE SHIELD (List No. 68). 


SOUND SOLDER JOINTING 


Uniformity of shape, brightness of 
colour confirms permanent joints 
in any SOUND UNIT. 


Sound Units are made with 
SOUND JOINTS 


Sound Joints are only made 
by using 


ADCOLA, 


(Regd. Trade Mark) 
| PATENTED 
SOLDERING INSTRUMENTS 
and EQUIPMENT 


Catalogues 


Head Office, Sales and Service 


ADCOLA PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM HIGH STREET 


LONDON, S.W.4 Telephones: 


MACaulay 4272 & 3101 


HIGH WYCOMBE 
Telephone High Wycombe 2060 


BUCKINGHAMSHIRE 


* ZENITH 


at 


*REGD. TRADE-MARKS 


Telephone: WILlesden 6581-5 


ENGLAND 
Cables Airmec High Wycombe 


New and Improved 


*“VARIACS” 
REDUCED PRICES ! 


Due to increased de- 
mand, up-to-date design 
practice and modern pro- 
duction methods, we are 
able to announce substan- 


tial price reductions on most 
“VARIAC’”’ models. 


A new comprehensive 
catalogue covering over 
170 models is now avail- 
able and will gladly be 


forwarded on request. 


Most ‘‘VARIACS’’ have 
the exclusive DURA- 
TRAK brush track which 
gives longer life, increased 
overload capacity and 
maximum economy in 
maintenance, 


THE ZENITH RIC COMPANY LTD. 
LONDON, N.W.2 ENGLAND. 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, ‘WILLESDEN GREEN 


LONDON, N.W.2 
Telegrams : Voltaohm, Norphione, London 


ree. 
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mntrodues : 


The introduction of this new type of 
rectifier into the SenTerCel range constitutes 
an important advance in the selenium 
rectifier field both in manufacturing tech- 
nique and in resultant savings in space, 
weight and cost. 


A new range of high voltage rectifier plates 
of square format (with or without cooling fins) 


SELENIUM 


GenJerCel 


RECTIFIERS 
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Sen ferCe/ 


series #00 RECTIFIERS 


and simplification of connecting tag positions 
offer the rectifier equipment designer a new 
source of economy and flexibility in design. 


The SERIES 400 range incorporates the 
usual SenTerCel facility of rectifier stacks 
supplied ready wired or bus-barred and 
provision is made for lateral or longitudinal 
connections to the bus-bar terminations. 


@ New high voltage plates 


@ Fully comprehensive range of 
plate sizes 


@ Savings in space, weight and cost 


@ Available with or without cool- 
ing fins 

@ Supplied ready wired or bus- 
barred 


@ Simplified connection arrange- 
ments 


Srondard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London, W.C.2 


RECTIFIER DIVISION: EDINBURGH WAY 


HARLOW ESSEX 
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It doesn’t matter 


whether you call it.... the CARPENTER Polarized Relay 
or the Carpenter Pp OLA RIZED Relay 
or the Carpenter Polarized RE LAY 


it is the polarized relay, with the UNIQUE combination of superlative character- 
istics, that has solved, and is continuing to solve many problems in... 


High speed switching - Control - Amplification Impulse repetition 


TYPES 1 


for: 

Industrial recording Biological research | . 

Aircraft control and Theatre lighting ““dimmer . 
navigational equipment __ and colour mixing equipment 

Automatic machine control Teleprinter working 

Analogue computers Automatic pilots AY 

Temperature control Remote control of Radio links 

Servo mechanisms Theatre stage-curtain control | 

Submarine cable repeaters Long distance telephone dialling 

Burglar alarm and fire detectionequipment V.F. Telegraphy 

Nuclear operational equipment CLC, etc, etc, 


Therefore —if your project, whatever it may be, calls for a POLARIZED 
relay, with high sensitivity, high speed without contact bounce, freedom 
from positional error, and high reliability in a wide range of temperature 
variations, you cannot do better than use a CARPENTER POLARIZED 
RELAY. 


& 
TYPE 4 TYPE 6 


Write or ’phone for technical data— 
( TELEPHONE MANUFACTURING CO. LTD 
with several variations for special 


purposes oe DEPT. 407, HOLLINGSWORTH WORKS + DULWICH + LONDON SE21 
im ; | TELEPHONE: GIPSY HILL 2211 


5 Basic types are available each 


VARIACS 
for S-M-O-O-T-H 
Voltage Control 


‘VARIAC’ is the original, continuously adjustable auto- 
transformer—and the only one having ‘DURATRAK’, a 
specially treated track surface. For varying the a-c voltage 
applied to any electrical, electronic, radar or communications 
equipment a ‘VARIAC’ offers considerable advantages over 
any other type of a-c control—it has longer life, absolute 
reliability, much increased overload capacity, resistance to 
accidental short-circuits and appreciably greater economy 
in maintenance. Voltages from zero to 17% above line are 
obtained by a 320° rotation of the shaft, which is equipped 
with an accurately calibrated direct-reading dial. Available 
in various sizes from 170 VA up to 25 kilowatts, including 
3-gang assemblies for 3-phase working, ‘VARIACS’ are 
competitively priced, and, compared with the losses of resis- 
tive controls often save their initial cost within a year. 


Most “VARIACS” are now MUCH REDUCED IN 
PRICE: send for our new, profusely illustrated Catalogue 
424-UK/16, which gives complete information on the 
entire range. HUNDREDS of models—all available 
promptly — most EX STOCK. 


/ ~ me 
Blande fl ONS fl 76 Oldhall Street, Liverpool, 3, Lancs. Telephone: Central 3641 
4 Walley Works, Hoddesdon, Herts. Telephone: Hoddesdon 3007-8-9 


CL3t 
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TRANSISTOR OCI6 
Dissipation i 
14 watts at 45¢ 


INDUSTRIAL APPLICATIONS FEATURES 


This high output germanium junc- Peak current 3 amps. 


tion P.N.P. power transistor is being Maximum mean current 1.5 amps 


used to great advantage in the with good current linearity. 
following applications: ; ; : 
Maximum continuous junction tem- 


eg eel perature 75°C. Up to 90°C for 


Amplification intermittent operation (total 
Aircraft Passenger Address duration 200 hours max.). 

Systems ae 

7" A pair of OCI6’s operating in Class 

D.C. Convertors B push-pull will provide an output 
Power Amplifiers for Servo Motors in excess of 10 watts into loud- 
Power for Relay Operation. speakers with 12 volts ‘H.T.” Half actual size 
DATA SK Power DISSIPATION 
Characteristics (measured at 25°C ambient) 14 watts dissipation at an ambient temperature 


f 45°C can be allowed when the OCI6 is 
ent % 
Collector reverse leakage Sue. : bolted to a large but practical heat sink. The 


grounded baS@ isi sanclas Hdehowseseatene coer <100LA accompanying table shows allowable dissi- 
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COMPUTER 
POWER SUPPLY AS755 
(é=-~- 6 g Uses germanium junction rectifiers 
GML lddlldllldlddldlddldddddddlddddilddiddddédle —— Z and ccovides 300 V at 0:5A with 
Ld ZW Hh 
Cllttrygyyl excellent output stability and low 


MAO 


ripple content. Two units cater for 
the normal differential operation 
of 20 Computer Amplifiers. 
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HEATER SUPPLY 
UNIT T8722 
To ensure top sta- 
bility and freedom 
from interaction 
between Compu- 
ter Amplifiers each 
is supplied from 
an individual heater 
winding; output is 6:3V 
at 2A on each of 6 outlets. 
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VENTILATING PANEL TX724 
A simple but effective Ventilating 
Panel which deflects hot air to the 
front and rear of assembled com- 
puter racking. 
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AMPLIFIER MOUNTING UNIT 
TX791 


SN yr ’e ° ee 


Houses five Computer Amplifiers Z 
and fits standard 19” P.O. rack. Pro- 
vided with mains and H.T. links, also 
patching and test socket panels. 
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Also available: 24V Relay Supply Unit 
Linear Computing Unit TR729 |100V Computer Reference Supply 
Crossed Field Multiplier TA72I | Control Switching Panel 


The Solartron Computer Service offers you a comprehensive range of 
precision “ building bricks” for building your own analogue 


ra eee = computer or simulator—or extending the machine you are already 
( ge A ; operating. All units in the range are capable of independent use if 
“ q desired but have been designed around a standard 100V machine unit 
A IR RON and use + 300V H.T. supplies. 
Ss a \ 
\ > iu 
cae ne 2 THE SOLARTRON ELECTRONIC GROUP LTD. THAMES DITTON. SURREY 


Tel: Emberbrook 5522 Cables: Solartron, Thames Ditton 


ee 


The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 


THE PROCEEDINGS OF 
“HE INSTITUTION OF ELECTRICAL ENGINEERS 


EDITED UNDER THE SUPERINTENDENCE OF W. K. BRASHER, C.B.E., M.A., M.I.E.E., SECRETARY 


WOL. 105. PART B. No. 19. 


JANUARY 1958 © 


To be elected President is the highest honour that can be 
nferred on a member of this great Institution, and it is an 
vent of extreme importance to those who are chosen by their 
lllow-members to serve in this capacity. 

iI am deeply appreciative of this honour, which I regard as a 
ost generous compliment, not only to me personally, but also 
» the light electrical engineering branch of the profession, and 
ideed to the radio industry which I have served for so long. 
‘uring my term of office the responsibilities I assume as your 
cesident will be constantly in my thoughts as I strive to uphold 
‘e high standard of service which has characterized the work 
* those distinguished electrical engineers who have occupied 
-e Presidential Chair in past years. 

There is not one of us, [| am sure, who does not look with pride 
1 1871 as the most significant year in the history of electrical 
gineering, for in that year The Institution came into being 
ander its original title of ‘The Society of Telegraph Engineers’. 
1 recalling the state of science at that time, it is interesting to 
ste that it was in this same year that James Clerk Maxwell was 
ypointed the first Professor of Experimental Physics at Cam- 
“idge, where he propounded his theories of the electromagnetic 
ature of radiant energy, and founded the Cavendish Laboratory. 
f the eight original founders of The Institution (five of whom 
cidentally were members of the Armed Forces), together with 
e sixty-six original members as recorded in the minutes of 
lay, 1871, none could possibly have foreseen the ultimate 
1portance of The Institution as a national body, and certainly 
yne could have contemplated the possibility that in less than 
century the members, numbering more than 40000, would 
ve elected a President whose working life had been spent in a 
Jd described to-day as light electrical engineering and on a 
sly specialized subject, the threshold of which had not then 
en crossed. Such, however, is the scale of the time-base 
neerned with the development of thermionic valves, the 
siden Jubilee of which was celebrated in this lecture theatre in 
$4. Our founders certainly could not have imagined the 
‘pact of Fleming’s or de Forest’s work on the pattern of our 
©, to-day, where thermionic valves and a whole family of 


VoL. 105, PART B. 


The Institution of Electrical Engineers 
Paper No. 2436 
Oct. 1957 


© 


INAUGURAL ADDRESS 
By T-ESGOEDUP, C.BiE{President; 


BACKGROUND, FOREGROUND AND HORIZON 
The Radio Valve Industry in Prospect and Retrospect 
(Address delivered before THE INSTITUTION 3rd October, 1957.) 


related devices have become an all-important factor in every 
branch of engineering and science—a factor which more than 
any other has not only shaped but determined the progress in 
electrical engineering as we know it to-day, and has in conse- 
quence profoundly influenced almost every other form of human 
endeavour. 

It is with these thoughts that I embark upon the task of 
delivering this Address and in so doing I would first like to dwell 
for a moment on the significance of The Institution in our 
national life. Our Royal Charter requires us as an Institution 
‘to promote the general advancement of Electrical Science and 
Engineering and their applications, and to facilitate the exchange 
of information and ideas on those subjects amongst members 
of The Institution’. 

The whole machinery of The Institution is devoted to this end, 
an important part being the work of the Local Centres and 
Sub-Centres, and the Oversea Branches and Joint Groups, 
constituting 64% of the total membership. The meetings and 
discussions which these Centres and Groups organize are 
devoted directly to the implementation of the terms of our 
Royal Charter. 

We all appreciate the wisdom of our predecessors in providing 
these facilities, which have done so much to meet the needs of 
members in the provinces and oversea, as well as adding to the 
prestige of The Institution as a whole. But a good deal more is 
involved than the mere dissemination of information among our 
members and the promotion of electrical science and engineering, 
to say nothing of our responsibility as a body to ensure and 
maintain adequate professional standards. Important and 
necessary as all this is, in the ultimate it is the collective effort of 
individuals which matters, and each of us has a personal respon- 
sibility to ensure that his own individual contribution to the 
profession is adequate in allrespects. That the total contribution 
is adequate is reflected in the pre-eminent position our Institution 
is proud to hold, but it is nevertheless the fact that this contribu- 
tion comprises the strenuous efforts of only a relatively small 
number of members, and I would ask each of you to consider 
whether your individual contribution to The Institution and to 
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the development of the science in which you practise is as great 
as you feel it should be. 

We must never forget that it is the responsibility of the coming 
generation of engineers to see that our present leadership is 
maintained. Their task in this respect will demand a recognition 
of the fact that these are days when the knowledge which is 
increasing rapidly in all fields of engineering and science must 
be matched with increased wisdom, for if these two fail to go 
hand in hand disaster will eventually overtake us. I appeal to 
the younger members of this Institution to mark well my words 
and ponder on the truth expressed in Proverbs viii, 11: 

For wisdom is better than rubies and all the things that may be 
desired are not to be compared to it. 

Now I must turn from The Institution—the frame in which 
my Address is set—to the picture, the Address itself, and I shall 
sketch it on a broad canvas, my main theme being thermionic 
valves, a subject which has constituted my life’s work, first for a 
few years in the sheltered atmosphere of an Admiralty research 
establishment and then for many years in the hard but exhilarating 
school of industry. I am anxious regarding the scope and 
length of my Address for I am faced with the difficult task of 
deciding the extent of the ground to be covered. 

That the major part of my Address should have as its theme 
some aspect of thermionic valve development I was never in 
doubt, and it was my original intention to give a more or less 
complete review of valve developments. After much thought, 
however, it became increasingly obvious that to include the 
whole story would make this Address far too long. I then 
considered at some length those points of valve history which 
seemed to me most significant. But such is the nature of this 
field that I found I was merely repeating what had already been 
said and written elsewhere far more ably than I could attempt, 
and often in this very theatre. For these reasons and because 
I wish my Address to break new ground and perhaps leave you 
with some new lines of thought, I intend to confine what I have 
to say to a few aspects which I consider of interest and which are 
unlikely to be familiar to those of you who do not work in the 
valve field. 


BACKGROUND 


On the 16th November, 1954, The Institution celebrated the 
Jubilee of Ambrose Fleming’s invention of the thermionic 
valve by a series of lectures and an exhibition. The proceedings 
of this memorable occasion, together with a catalogue of the 
exhibits, are recorded in an Institution publication entitled 
‘Thermionic Valves 1904-1954’, which gives a good pictorial 
representation of the progress achieved since Fleming applied for 
his patent in 1904. This record embodies the whole family of 
thermionic valves, from simple diodes to the multi-electrode 


valves, and on to magnetrons, klystrons and travelling-wave. 


tubes, all of which bear little resemblance to the fragile hand- 
made diode which Fleming used in his Gower Street laboratory 
for his early experiments. 

With all new products an evolutionary streamlining process 
occurs in which new design ideas, new materials and new applica- 
tions all combine to influence appearance, utility and efficiency 
to such an extent that the original design is barely recognizable. 
The thermionic valve is no exception, its present appearance 
bearing little resemblance to the electric lamp from which it is 
in many respects descended. Its first appearance in the form of 
a simple diode opened a field of progress in design, manufacture 
and application, the horizon of which is still a long way off. 

Manufacture of valves in this country began during the years 
of the First World War, when a new industry developed, born 
of the vacuum techniques which were in common use in electric 
lamp manufacture. The somewhat limited output of both 


vacuum and gas-filled types, referred to in the jargon of those: 
days as ‘hard’ and ‘soft’ valves, was used exclusively for the 
communication equipment then available to the Armed Forces. 
However, apart from some specialized applications in telephony, 
the valve output of the early 1920’s was used for broadcast, 
receivers, and it has been the subsequent development of soun 
broadcast services and later television which has provided the 
incentive for the development of the valve industry. 

There is little point in commenting upon the numerous types 
of valves now available—the figure is nevertheless somewhat 
staggering, as is also the multitude of applications that ar 
covered. From the early days of manufacture there has been 
relentless and continuous attack on valve design and manu- 
facturing problems in an endeavour to meet the seemingly 
endless demands of existing and new applications which have 
become characteristic of the advance in the ever-widening field 
of electronics. As a result we now have thermionic devices of 
every conceivable type, from the conventional receiving and 
transmitting valves to their more complex counterparts for us 
at the highest frequencies; also counting, storage, display an 
infra-red devices, and the transistors that have emerged from th 
study of solid-state physics. 

The progress achieved is an example of combined operation: 
on a number of technical fronts, involving the physicist, the 
chemist and the metallurgist, as well as the electrical and the 
mechanical engineer. By this consortium of effort, the design, 
manufacturing and application problems have been tackled and 
solved. In reviewing the highly satisfactory results that have 
been achieved it is, strangely enough, most difficult to highlight 
specific technological achievements; so far as manufacturin 
technology is concerned there has been an advance on the broad. 
fronts of chemical and mechanical engineering, combined with a 
strict control of raw materials and processes. The introductio 
of new and more suitable materials and the rigid adherence to 
manufacturing schedules have also contributed to the develop- 
ment of new and improved thermionic devices. 


FOREGROUND—PLANT AND PRODUCTION 


The following is a brief description of one or two production 
processes, intended to give some idea of the materials from 
which valves are made, their various component parts and how 
they are assembled. 

Taking as an example an indirectly heated h.f. pentode, the 
cathode consists of a flat nickel tube which is coated with a 
mixture of barium and strontium carbonates 80 microns thick. 
When the valve is heated during the pumping process these 
carbonates are converted to oxides, and final processing produces 
a small amount of free barium and strontium, without which the 
emitter would not function. In addition, the valve design must 
be such that the emissive coating is not damaged by the heat 
applied to the valve envelope and electrodes during sealing and 
exhausting. 

The heater, which fits inside the cathode, is made of tungsten 
wire 70 microns in diameter, drawn to an accuracy of 
+0-7 micron. Its operating current is 300mA and it works 
at 1200°C. 

The molybdenum wire used for the grids has a tolerance of 
+13% on diameter. The grid-pitch tolerance is +1 micron. 
and this accuracy must remain after the grids have passed 
through a cleaning process where they are heated in an atmo- 
sphere of hydrogen at 900°C. 

Finally, these electrodes and the anode are assembled betweer 
two mica discs, which must locate them to an accuracy of! 
20 microns; after assembly the distance between the electrodes 
is nowhere more than half a millimetre. 


GOLDUP: INAUGURAL ADDRESS 8 


The production of glass parts is of great importance in valve 
ad cathode-ray-tube manufacture. The need for accurate 
‘mensions and uniform composition requires a detailed applica- 
on of glass technology. Glass tubing, in one application, is 
sed for cathode-ray-tube necks, the tube being flared at one end 
1 fit the cathode-ray-tube cone. This flaring is done at a 
mperature of 800°C and at a rate of four per minute. In 
aother application, to valve envelopes, a tube is closed at one 
ad in a mould at a temperature of 1050°C., 

| In another process the face of a television tube is joined to the 
pne. The glass is some 3in thick to withstand atmospheric 
cessure when the tube is evacuated, and in order to establish the 
saling temperature uniformly across this width, after the glass 
as first been heated by gas flames, a current is passed through 
. taking advantage of the property of glass whereby its electrical 
sistance is relatively low at high temperatures. 

‘While a vacuum device is being exhausted the glass and 
ectrodes are heated so that any absorbed gases are driven off. 
or instance, a large cathode-ray tube passes through a heated 
nnel during a period of some two hours; in the case of receiving 
Ives this process is carried out in a few minutes on much 
aller machinery of an entirely different design. This demon- 
rates the range of techniques employed in a single process. 
While many production processes are done mainly or wholly 
7 machine, a great deal of work is carried out by semi-skilled 
erators. Here the technique of operator training replaces to 
large extent the technique of production machinery design, 
ad correct selection and training methods are just as important 
, accurate know-how and technology. Methods of operator 
aining are always being given considerable thought, but we 
uve still quite a lot to learn. 

The foregoing will, I hope, serve as an example of the combined 
forts of mechanical, chemical and electrical engineering plus 
me applied physics, metallurgy and glass technology, all 
-ordinated in the interest of efficient mass production of 
ermionic valves and kindred devices. 

lI included this account to illustrate the part that plant design 
ad development has played in the manufacture of valves. It 
a subject which seldom appears in papers read before The 
stitution, and for very good reasons, but this in no way 
linimizes its importance. 

Research and development have their own special appeal and 
e a distinctive and satisfying element in the achievement of 
sults which thrive on differences of approach to the solution 
* problems. The same is equally true of plant design and 
velopment, and, as a stage in the chain of events leading to a 
anufactured article, their importance is paramount, for they 
e prime factors in the economics of production. In this 
mmnection it is as well to remember that only by economic and 
ficient production can industry continue to exist and provide 
e necessary finance for research and development, and indeed 
‘r all its other activities. Additionally, plant design determines 
ry largely the actual manufacturing processes to be used and 
what extent it is possible to employ modern technological 
vances. 

The design problems of radio valves and for that matter of 
uy thermionic device are, as in the case of most products, 
itimately linked with the manufacturing possibilities, which in 
‘rp are mainly dictated by the capabilities of the plant and its 
ysigners. 

‘New techniques are constantly being introduced, a recent 
mevation being the working of metals by electro-sparking 
rvelving an electric erosion effect. This enables holes of the 
xe: complex shape to be cut in the hardest metals by unskilled 
oeur. An electrode, which can be of brass or steel, is first 
age to the shape and size of the hole required, and by passing 


an electric discharge through a liquid dielectric medium between 
this electrode and the workpiece, a hole is cut corresponding to 
the outline of the electrode. This hole, cut to very close limits, 
is extremely smooth, the workpiece produced being suitable for 
incorporation in, say, a punch tool without any further finishing. 
Flame-plating is another technique with great possibilities which, 
by the use of very high temperatures and pressure, enables 
tungsten carbide to be plated on a great variety of metals, 
including steel, cast iron, aluminium, copper and brass. This 
enables a part to be produced with an extremely hard surface, 
but retaining the metallurgical properties of the base metal. 
Aluminium oxide can also be plated on by this process, pro- 
ducing a surface highly resistant to chemical attack, and able to 
withstand high temperature. 

Like so many other developments in the electronics industry, 
plant construction is almost entirely a matter of mechanical 
engineering, as Figs. 1 and 2 illustrate. Looking at the 


Fig. 1.— Constructing a 12-head cathode-ray-tube sealing machine. 


achievements since valve manufacture started after the First 
World War, I regard factory plant design as the hub from 
which have stemmed improvements in productivity, quality 
and quantity, the introduction of modern technological pro- 
cesses and the inspiration for achieving the almost impossible 
in the complex chemical and vacuum processes that are involved. 

The extent and nature of plant design and development 
problems are well illustrated by the fact that the tendency has 
been towards miniaturization in receiving and other valves, 
while the exact opposite is the situation with cathode-ray tubes. 
With the advent of the transistor, still smaller products have had 
to be manufactured, as shown in Fig. 3. The mere mechanical 
handling, during the various manufacturing processes, of these 
extremes in size is of itself a major engineering design problem, 
requiring in each case a quite different approach and a vastly 
different type of mechanism. Incidentally, added complications 
in cathode-ray-tube manufacture are the change from a circular- 
to a rectangular-faced tube and the introduction of metal backing 
of the luminescent screen. 

However, these are not the only factors to consider in the 
design of production machinery, for, as already mentioned, 
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Fig. 2.—Setting up a 24-head turret in preparation for boring the 
indexing holes to an accuracy of 1/10000in. 


stsen 


Fig. 3.—Welding a transistor assembly to its base. 


manufacture involves the preparation of a vast number of 
different types of wires, electrodes, mica distance-pieces and 
glass tubing in various forms, all made to quite small tolerances, 
chemically cleaned and ready for assembly to form a complete 
valve which will eventually be exhausted, sealed and tested. Of 
major importance is the co-ordination of all the various pieces 
of plant in regard to speed and output, the avoidance of un- 
balanced stocks at any given stage in the manufacturing processes, 
and a smooth, unhindered, fiow during the whole course of 
manufacture. Finally, it is in the nature of any vacuum device 
that, once made, it is impossible to alter its internal structure, 
which determines its characteristics, should it fall below the test 


specification or in any other way give an inferior performance ig 

ctice. g 
at will be of interest to consider the magnitude of this relatively 
new industry. In 1956 the turnover of the British valve industry 
was £25 million, and it produced 64 million valves of all types 
and over 2 million cathode-ray tubes, for radio and television, 
radar, communication, export, industrial applications, and to 
meet Government and Service needs. Additionally, a large 
number of the more specialized vacuum devices were supplied 
to various users for television cameras, X-ray equipment and 
instrumentation for nucleonic control. The corresponding 
numbers for 1949 were 19 million valves and 310000 cathode-ray 
tubes, and this comparison gives a measure of the expansion of 
the industry in the post-war years. The relative expansion since 
1930 is shown in Fig. 4. 
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Fig. 4.—Growth of valve and cathode-ray-tube production in Great 
Britain and the United States. | 


It is difficult to obtain exact figures for the whole electronics 
industry, but those available suggest the impressive total of 
£300 million turnover for 1956, divided between professional 
equipment, entertainment equipment and vacuum devices as 
follows: 


1. Government, industrial, communication, export 


(excluding valves): Agee 
Complete equipments tis ae nee OS) 
Loose components .. ss 5 bie «« 8h. 6m 


2. Entertainment equipment (excluding valves) .. ca 30 


3. Valves—i.e. transmitting and receiving valves, cathode- 
ray tubes, thyratrons, photo-electric ceils and other 
vacuum devices .. ve Be tes a “0 8 


It is significant that professional equipment accounted for ¢ 
larger share of the total than entertainment items—a_ trenc 
which will surely continue. 

It is always interesting to compare the British and Americai 
valve industries. In the year 1956, measured in terms o 
receiving-valve output, the American valve industry was a littl 
more than seven times as large as our own, produced 54% o 
total United States industrial production, and accounted fo 
67% of the world production of 743 million valves; the Britis! 
valve industry contributed 44% of total United Kingdor 
industrial production and accounted for 9% of world valv 
production. Fig. 4 shows that the rates of increase of th 
American and British valve industries are remarkably similar. 

There is no doubt that the general trend towards increase 
production will continue. Looking into the future we have t 
take into account the manufacture of transistors, which has no\ 
commenced here and in other countries, and which will continu 


ia rapidly increasing rate. I estimate that by 1960 the world 
‘oduction of valves and transistors will possibly reach a total 
* 1000 million. 


THE CHANGING SCENE—NEW DEVELOPMENTS 


‘Change has been the essence of valve development from the 
e of Fleming’s early work, and as our knowledge of electron 
iission, vacuum techniques, circuits, and so forth, has expanded, 
has the thermionic valye become increasingly a device of 
most limitless scope opening up an ever-widening horizon of 
plication possibilities. 
It is obvious, therefore, that a great volume of research and 
‘velopment has always been undertaken in the valve industry, 
d as I cannot possibly mention more than a small fraction of 
x whole, I have limited my remarks to a few specific items. It 
duld be inappropriate in this Address to become involved in 
tailed technical considerations of these developments, for, like 
| aspects of electronic science and engineering, the technical 
ork involved is of quite a specialist nature, and they are 
sentially subjects standing in their own right. 


Co-ordination of Valve Development 


I will first refer to microwave valves, special-quality valves and 
mi-conductors; as evidence of the importance of these, during 
47-56 over 100 articles were published on valve reliability 
d hundreds on transistors, and in the spring of 1958 The 
stitution is to hold an International Convention on Microwave 
hlves, lasting several days. The reason I have chosen these 
‘ree is the interest displayed in them by the Government, for 
tional needs, through the agency of the Inter-Services Com- 
ittee for the Co-ordination of Valve Development (C.V.D.). 
ry wisely, arrangements were made during the war, and have 
intinued ever since, to set up under the auspices of the Royal 
aval Scientific Service of the Admiralty a department which 
s become known as C.V.D., to foster and take the responsi- 
lity for valve developments for applications in equipment used 
‘the Armed Forces and to make sure that the various Services 
uld not be competing for limited technical resources in the 
‘Ive industry. Since that time the C.V.D. organization and 
‘ort has grown rapidly, and even since the end of the war the 
‘ort applied by industry to Service needs has increased very 
any times. The present C.V.D. expenditure on development 
ntracts must amount to a few million pounds per annum. 
esides placing development contracts, C.V.D. organizes 
Yective liaison with the valve industry and maintains close 
uch with development results, and has built up a balanced 
‘ttern of development projects, the sum total of which has 
ded considerably to our general knowledge of the three fields 
‘which I have referred. 
‘C.V.D. sponsorship of these projects has undoubtedly been a 
ajor contributing factor in keeping this country in the van of 
ogress, and the foresight of the Government in setting up 
'V.D. has paid handsome dividends, fully justifying the steps 
at were taken. The present occasion is an appropriate one 
which to record the valve industry’s appreciation of the work 
-C.V.D. and its personnel, and I would particularly like to take 
is opportunity of recording the contribution made by Sir 
‘ecerick Brundrett. He it was who, in the early 1930’s while 
Signal School, an Admiralty radio research establishment, 
w the necessity of inter-Service co-ordination of valve develop- 
ents, linked with the valve industry. It was from this con- 
pion that C.V.D. evolved and became one of the finest 
amples of inter-Service and industrial co-operation during the 
iv and since. 
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Microwave Valves 

Turning now to microwave valve development, a requirement 
of some importance is the availability of cathodes having 
extremely high emission current-densities, and a good deal of 
work has been directed towards the solution of this problem. 
As a result, some novel forms of cathode have appeared, one 
example being the dispenser type pioneered by Lemmens, where 
the emissive materials percolate to the surface of a porous 
tungsten body when the cathode is heated. This development 
has materially assisted the progress of microwave valve design 
towards meeting the ever-increasing demands for higher 
frequencies and powers. 

Magnetron developments derived great impetus from military 
requirements for high pulse powers in radar systems. Initially 
conceived in this country by Randall, Boot and Sayers at 
Birmingham University, this device was rapidly taken up by 
America and became the subject of intense study. The main 
application for magnetrons is still in pulse radar and to a large 
extent will remain so, although some types of radar are likely to 
forsake the magnetron for devices such as the klystron or the 
travelling-wave tube. 

In recent years the magnetron has made possible many new 
advances in conventional radar systems. The success of the 
British marine radar manufacturers in supplying the major part 
of the world’s demand is well known, and becoming more 
common is civil-aircraft airborne radar for cloud and collision 
warning sets. The availability of magnetrons operating on 
wavelengths of a few millimetres has made feasible the radar 
control of ground movements on airport runways. Although 
radar using the pulse magnetron is considered to be rather old- 
fashioned, there is still a great deal of scope for expansion; in 
particular, one would expect to see magnetrons developed for 
still shorter wavelengths to provide greater resolving power for 
radar sets in cases where range is not important. 

Apart from radar applications the magnetron has been 
extensively used as a source of radio-frequency power for linear 
accelerators. These instruments, in which electrons are acceler- 
ated to high energies, were initially developed as an atomic 
energy research tool and were then used for medical, radio- 
therapy and X-ray purposes. They now fulfil an important 
application in industrial processes connected with plastics. An 
example of this is the irradiation of polyethylene to increase its 
heat-resisting properties. The electrical industry is indeed 
indebted to the plastics industry for some of the modern advances 
in insulating materials, and the use of linear accelerators is, as it 
were, something given in return. 

A limited application for magnetrons is as a source of power 
for radio-frequency cookers, and we may well see this gaining 
favour in the future. Food either pre-cooked or raw is placed 
in the ‘oven’ and subjected to strong microwave radiation, so 
being heated or cooked extremely rapidly by dielectric loss. The 
cost involved, however, may for the moment exclude its domestic 
use, but large caterers may favour the idea and use such a system. 

The klystron was developed in its reflex form as a local oscilla- 
tor for superheterodyne receivers, and although the original ideas 
were American, a great deal of work was initiated in this country 
during the war, the contribution of Sutton and his team at Bristol 
and the effort at the Clarendon Laboratory being well known. 
Of late many improvements have been made in reflex klystrons 
in regard to ruggedness, reliability, life, and use at higher fre- 
quencies. Types have already evolved operating at wavelengths 
of 2 or 3mm. 

In the past the amplifier klystron received little attention 
because the magnetron produced radio-frequency powers with 
greater electronic efficiency and in return for far less development 
effort. Now, however, the situation is changing with the intro- 


6 GOLDUP: INAUGURAL ADDRESS 


duction of phase-coherent radar, where the reflected pulse from 
a target is compared in phase with that which was transmitted, 
the resulting beat frequency being a measure of the target 
velocity. A fixed object will produce a zero beat in a phase- 
coherent system, and this identifying feature enables permanent 
echoes to be eliminated from the display screen. In addition, 
one can measure with great accuracy and instantaneously the 
velocity of a target—a point of considerable interest in any 
navigational problem, military or civilian. 

There are many different variants of the phase-coherent radar 
system, an important common factor being the need for improved 
microwave amplifying valves, with the result that in this field 
work is being directed towards larger powers, higher efficiencies 
and increased bandwidths. Pulse powers of the order of 
megawatts are now possible and, in the lower-power types, gains 
in excess of 100dB have been achieved. But by no means are 
all the answers known. Active research continues in the field 
of multi-cavity klystrons, where the problems are largely funda- 
mental, involving the formation and maintenance of electron 
beams of very high current density. In slightly different applica- 
tions the amplifier klystron has recently come into extensive use 
in navigational aids and in television broadcasting in Bands IV 
and V. 

The travelling-wave tube was a most. significant war-time 
invention, first conceived by Kompfner while working for the 
Admiralty. Kompfner’s work showed that when a wave was 
travelling slowly along a structure such as a helix, a beam of 
electrons travelling at almost the same velocity and in close 
proximity to the wave would interact with it and amplify it, the 
extra energy in the amplified wave being derived from the 
kinetic energy of the electrons which are slowed down in the 
process. An important feature of the travelling-wave tube is the 
fact that, by special treatment of the electron beam after it leaves 
the cathode, the noise due to random velocity and density of the 
electrons can be largely removed, thus giving tubes with low 
noise factors which are particularly suitable for use as signal 
amplifiers. 

The travelling-wave tube has received concentrated attention 
during the post-war years because the high gains and broad 
bandwidths obtainable make it ideally suited for use in centi- 
metric wavebands for radio relays. The use of these wavebands 
has been necessitated by the big increase in the volume of traffic 
in telegraphy, telephony and television; for instance, the last 
named utilizes a bandwidth which could accommodate a thousand 
telephone conversations. The world’s first radio relay using a 
travelling-wave tube was set up by the Post Office early in 1952 
between Manchester and Kirk o’Shotts, since when complete 
ranges of tubes are becoming available for use in the programme 
for radio relays mentioned by Sir Gordon Radley in his 
Presidential Address of 1956. 

Travelling-wave tubes are not necessarily limited to the few 
watts of power required in communication. Studies at really 
high power levels are progressing, and it may be that these tubes 
will become serious competitors of the amplifier klystron, for 
they are less complicated in many respects, having no tuned 
cavities and a simple magnetic focusing system. I believe that, 
in the long term, some communication will be carried out by the 
propagation of millimetric wavelengths along small-diameter 
waveguides. The possibility has already been demonstrated 
over fairly long distances, but many details remain to be worked 
out in connection with the actual propagation. In the meantime 
the valve industry realizes that the successful development of 
such a scheme is dependent upon the provision of practical 
oscillator and amplifier tubes, on which work is already pro- 
ceeding, together with the more difficult and fascinating problem 
of miniaturization. 


Backward-wave oscillators and amplifiers are particular forms { 
of travelling-wave tubes having the advantage that they can be | 
tuned by merely changing the anode voltage. It is difficult to | 
see what the application of backward-wave oscillators will be, ( 
but apart from certain military possibilities one can imagine” 
them eventually replacing the klystron as a local oscillator. | 

The International Convention on Microwave Valves will be of 
considerable importance in placing on record the huge volume } 
of work that has been achieved in this field, not only here but in | 
other countries. The gap in the spectrum between electro- 
magnetic waves and infra-red radiation is closing, and how far’ 


this is so may be revealed in some of the papers to be presented. } 


Special-Quality Valves | 

During the period between the two world wars the urge coll 
improvements in valve quality, performance and reliability | 
resulted largely from the demands of the broadcast receiver | 
manufacturers, and fruitful collaboration between them and the | 
valve designers determined to quite a considerable extent the | 
direction and scope of valve development. As a result, with | 
the arrival of different applications, such as communication and | 
airborne radar, the valves incorporated in them initially were 
those based on the design requirements of the domestic market. 
Such valves, however, were not primarily intended to withstand 
the shock and vibration associated with these new applications, i} 
so that there arose a need for a series of valves whose charac- | 
teristics would not be impaired, nor their life shortened, by 
these more arduous conditions. The valve manufacturers, with 
the support of C.V.D., set to work to design valves to meet these | 
new requirements, and found it necessary to study the properties 
of materials, the fatigue behaviour of glass, metal and mica, the | 
influence of static stresses within the valve, the effect of cyclic | 
stresses applied externally, the causes of gradual deterioration of 
electrical properties of the valve, and finally to review critically 
existing manufacturing methods. All this, and the development 
of sub-miniature types for missile work, has added greatly to 
our general knowledge of valve-manufacturing technology, the 
result being that several types of special-quality valves are now 
available, produced in air-conditioned plants under conditions — 
similar to those obtaining in the manufacture of pharmaceutical _ 
products. 


Semi-Conductors 


The transistor was invented in 1948 at the Bell Telephone 
Laboratories in America during a study of the effect of external | 
fields on the conductivity of semi-conductors. The first tran-— 
sistor was a point-contact type, but theoretical considerations 
soon showed that the principles could lead to a sturdier device— 
the junction transistor. The first prototype of this kind was_ 
made in 1951]. 

Because the transistor is an amplifying device, it has a very 
wide range of applications in the electronics field. It is extremely _ 
small and requires very little power to operate it; for these 
reasons it is destined to have a profound influence on the design, 
for example, of computers, of Post Office equipment such as 
repeaters and exchanges, and of Service equipments of every 
kind for use on land, sea and in the air. For the reasons already 
mentioned, the transistor will also greatly modify the design 
of components. 

One of the main lines of transistor development, both here. 
and elsewhere, is towards types which can operate at the higher 
frequencies. In America types operating up to 10 Mc/s and over 
are already in production; the theoretical limit, speaking from 
our present knowledge, seems to be in the region of 1000 Mc/s 
or at the most a few thousand megacycles per second. 

Another semi-conductor device with an important future is 


ased on the fact that, when charge carriers are injected into a 
netion, multiplication occurs, rather like electron multiplica- 
on in an ionized gas. This effect can be used to produce very- 
igh-frequency oscillations, and from the theoretical point of 
w perhaps eventually even in the region of centimetric waves. 
The change between two possible energy states in molecules 
m be used for microwave oscillation or amplification, the inter- 
stion between a microwave system and a substance falling from 
higher to a lower energy state enabling power to be extracted. 
me class of amplifier of this kind uses semi-conductors and 
ovides microwave amplification by stimulated electromagnetic 
diation, from which is derived its abbreviated name of Maser. 
ais device can operate only at low power levels, and theoretically 
3 efficiency and bandwidth are not great. However, useful 
ain can be obtained, and at the extremely low temperature at 
hich it must be operated its signal/noise ratio is extremely high. 
The ideas using solid materials for electronic devices, which 
have outlined, are still so new that their importance and the 
tent to which they will be developed cannot be foreseen at 
esent. It is possible, however, that they may provide the key 
the whole field of millimetric waves. 

Not the least important aspect of the great developments in 
is field is the enormous stimulus that has been given to research 
tc the physics of solids. This field is growing in both volume 
d importance, and because of this we can undoubtedly expect 
‘is new science and technology to produce many novel and 
ebably revolutionary devices and applications within the next 
; years. 


Automation 


Automation is no new thing and has been introduced in vary- 
» degrees into many industries ever since the industrial revolu- 
on. The reason, I believe, why so much attention has been 
cused on it in recent years is that, whereas formerly we made 
achines which could assist our physical efforts, we are now, 
cgely through the application of electronics, able to make 
achines which can augment our mental efforts. We can give 
achines ‘electronic eyes and ears’, to use the Duke of Edin- 
‘rgh’s expressive phrase, and these sensing elements can feed 
ck the information they receive so that any departure from the 
quired result can be corrected. In addition, it is now possible 
_give a machine a programme which instructs it to perform 
ttain operations or to react in certain ways. In complicated 
stems these relatively new elements—feedback and program- 
ng—lead to the use of computers and electronic memories. 

It is, in my view, the social rather than the technical implica- 
ns of automation which have attracted most attention. The 
are, of course, interlinked, for if social conditions hinder the 
,option of automation, then its technical progress and applica- 
sn are bound to be retarded. This aspect is a very broad and 
eresting subject which I will not refer to any further here, 
ce I shall be opening an Informal Discussion on it before The 
stitution later this month. 

robably no other recent advance has had so many words 
ured out on it and has been so misunderstood. From what 
se reads and hears one could well imagine that it is only a 
tter of time before all our thinking and manual work will be 
tried out by machines. This is very far from the truth, and I 
1 it would be appropriate for me to attempt to put this new 
we:opment into some perspective. 
Within a volume the size of our heads we each have a brain 
\ighing some 31b and consisting, I am told, of some 10000 
lion individual cells,* which is about thirteen times the world 
@uction of valves in 1956. Among its countless other 
aetions, our brain includes the equivalent of a compatible 


* BowDEN, B. V.: ‘Faster than Thought.’ 


GOLDUP: INAUGURAL ADDRESS 7 


black-and-white and colour television system, a sound recording 
and reproducing system, and an ability to recognize complex 
patterns which outstrips any practical mechanical or electronic 
equipment. If it were possible to construct a machine able to 
perform the same functions as the human brain, it would inevit- 
ably have to be largely electronic; if we brought together all 
the necessary component parts and could then in some miraculous 
way solve the vast problem of connecting them together, we 
should still be faced with the fact that, even with the most 
reliable modern components, several hundred would be faulty 
at any given instant. On whether a machine is capable of having 
original ideas, I would comment that, without vision there can 
be no progress, and however far I look into the future I cannot 
conceive that any machine man may create will ever be able to 
replace the relatively few geniuses, such as Leonardo da Vinci, 
Shakespeare, Beethoven, Wren, Kelvin and Faraday, on whose 
vision and creative ability the evolution of our civilization 
depends. On the day man is content to leave all his imaginative 
thinking to machines he will be destined to a future without 
beauty, without hope, and finally without love. 


Entertainment: Radio and Television 


In general, entertainment radio comes in for a great deal of 
criticism, and we should remember that it is on the enterprise 
and success of this section of the radio industry that the valve 
industry was founded. But for the existence of a large enter- 
tainment radio industry, with its know-how and manufacturing 
capacity, radar sets and other Service equipment could not have 
been produced in the necessary quantities at the start of the last 
war, and who can say what might then have been the outcome? 
Without a large entertainment radio industry at home we could 
not to-day market competitively oversea. 

Turning now to television, if we consider either black-and-white 
or colour, we find in both cases that the major development 
efforts centre on the viewing tube. For black-and-white we now 
have the introduction of tubes with electrostatic instead of elec- 
tromagnetic focusing, with the consequent advantages of reduc- 
tion in weight, easier setting-up and little or no variation in 
focus with changes in mains voltage. The other principal 
alteration is the increase in cone angle, which in turn requires 
wider-angle deflection. Just after the war this was 55°, subse- 
quently it was 70° and production is now in transition from 70° 
to 90°. A further increase from 90° to 110° is the next logical 
step, and can be achieved with little increase in scanning power 
by bringing the deflection coils nearer the electron beam through 
a reduction in neck diameter; this modification will necessitate 
a complete redesign of the electron gun. On a 2l1in tube, 
increasing the angle from 70° to 90° shortens the tube by 3 in, 
and a further increase to 110° reduces the length by another 3 in. 
This permits the use of a smaller cabinet, which is more accept- 
able in most living rooms and is also cheaper. Because of these 
advantages there is no doubt that the trend to wider angles will 
continue. 

While there have been a few non-entertainment applications 
of colour television, notably in the field of medicine, for general 
entertainment the main problem remains that of finding a means 
of viewing far cheaper than anything which has yet been put 
forward. Cheaper tubes have been suggested, but they invari- 
ably require more complicated and thus more expensive circuit 
design. The development of a suitable tube is proving a remark- 
ably intractable problem which is all the more conspicuous 
because in these times we have become accustomed to the rapid 
solution of nearly every technical difficulty. Some solution will, 
of course, be found, since it is not in our nature to relinquish 
such problems unresolved, but it may well take a few years yet. 
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Possibly the final solution will differ greatly from what we might 
expect with our present knowledge, for I have often felt that the 
cathode-ray picture tube, not only for colour but also for black- 
and-white, is a rather cumbersome and inelegant device, and in 
10 or 20 years from now we may well look back on it as we now 
look back on the spark transmitter and coherer. 


Low-Temperature Devices 


In its onward advance, electronics is constantly establishing 
links with fields which only a few years ago seemed quite remote. 
In recent years it has reaped much by its association with ferrites 
and semi-conductors, and now it is once again crossing the boun- 
daries of new territory—this time into the low-temperature field. 
There are three main reasons why this advance is taking place; 
firstly, recent progress in low-temperature techniques has made 
the creation of temperature near absolute zero a matter of no 
very great difficulty; secondly, more complicated and therefore 
larger equipments costing, say, £100000 or more, in which low- 
temperature facilities can economically be provided, are nowadays 
more frequently considered; thirdly, because of the extremely 
low noise level at temperatures near absolute zero, devices which 
operate in this region hold great attractions for the electronic 
engineer. 

There are two main developments in low temperatures—I 
have already mentioned the first, the Maser, in dealing with 
semi-conductors. The second, the Cryotron, is a switching 
device which consists of a straight wire with a second wire coiled 
round it, both immersed in liquid helium and therefore having 
effectively zero electrical resistance. However, the resistance of 
the straight wire is restored when a sufficiently strong magnetic 
field is produced by a current in the coiled wire. The current 
required is only a fraction of that in the straight wire, and the 
effect can be produced within microseconds; the device thus acts 
as a very-high-speed relay. It has the advantage of simplicity 
and small size, and although it is too early yet to judge its value 
fully, it may well have wide applications in large computers. 


Frequency Allocation 


Frequency allocation is a problem somewhat different from 
those to which I have so far referred. JI mention it here because 
of the supreme importance I attach to the use of what is an 
irreplaceable raw material, the ether, which in the fundamental 
nature of things is a strictly ‘one-off’ item. The growth of radio- 
communication, broadcasting and navigational aids has made 
the problems of frequency allocation more and more acute, 
especially during the last decade. International agreement has 
on the whole been good considering the complexity of the 
subject; and this is as well since the problem of interference has 
recently acquired a new facet with the advent of scatter trans- 
missions, because these can cause interference here even though 
neither terminal is situated in this country. Somewhat in 
contrast to the international scene, some of us have doubted 
whether allocation at national level has taken the needs of all 
users sufficiently into account. Allocation to suit everyone is, 
of course, an extremely difficult task, requiring as it does the 
co-ordination and reconciliation of the needs of many diverse 
users and often involving security considerations. For all these 
reasons we should welcome the Postmaster General’s statement 
in the House on the 3rd July, 1957, that he intends to set up a 
Frequency Advisory Committee to guide him on the broad 
aspects of frequency planning. I do not think I am revealing 
any secrets if I say that these proposals are very much in line 
with ideas which the Radio Industry Council discussed on a 
number of occasions with the previous Postmaster General. 


EDUCATION AND TRAINING 

This is the age of unprecedented advance on all fronts of 
applied science, when so much depends upon the skill and ability i 
of the individual and when the nations of the world, almome 
without exception, are acutely conscious of the need to harness 
their man-power and material resources effectively in the struggle 
to maintain and improve their standards of living, to say nothing 
of their desire for international prestige and national security. 

It is not surprising, therefore, that a good deal has beens 4 
written in the past few years on education and training, pointing 
out the urgent need for a great increase in the number of ade-=)}) 
quately trained scientists and engineers. Some progress has) 
been made, but the problem is being continuously reviewed from 
many aspects, for it is realized that our future progress industrially 
and therefore nationally depends upon the work of individuals 
of ability possessing the requisite learning and skills to enable 
them to sustain the immense activity necessary for the creation ) 
of new knowledge and the development of new technologies. |) 

The importance of the individual in this respect needs emphasis 
particularly in these days of increased mechanization, such as 4 
the development of automatic control techniques, data processing A 1 
and many other labour-saving devices, for there is a danger of 
giving too much prominence to these things in the mistaken 
belief that man-power in consequence becomes less important. % 
The contrary is the true position, however, for history shows } 
that, in the long term, increased mechanization has not by any” 
means led to increased unemployment. I do not intend to” 
pursue this subject further, but I want to use this opportunity to | 
suggest some lines of action which I believe to be necessary if we | 
are to be successful in training a much greater number of suitably « 
qualified technical personnel in a reasonable time and to the 
standard demanded by present-day conditions. 

These conditions demand that the training of the potentia 
scientist should include sufficient liberal studies to make him 
aware of and appreciate the social and economic problems of 
the modern world. At the same time, the potential classics man 
must acquire more scientific knowledge of a general character 
and so be able to appreciate the effects of scientific advances on 
modern conditions and to know something about the elements 
of science. 

The question naturally arises: In what way can this be 
achieved? One suggestion is to raise the level of science 
teaching for all those in secondary schools, which, as I think is 
generally conceded at the present time, is on too low a level 
Further, this teaching should commence at an earlier age than 
is the case at the moment, so enabling students to proceed to 
more advanced work at an earlier stage in their school life, 
the same time assisting them to reveal and develop natural 
talents and preferences. However, we must not forget that in 
secondary schools the success of science teaching, even at the 
present level, is entirely dependent on the provision of proper 
trained teachers. The inadequate supply of suitable candidates 
for the teaching profession is a fundamental problem, and 
unless we can solve it the penalty will be severe and enduring. 

Inevitably these suggestions raise the question of the amo 
of time available, and a solution of this problem may mean an» 
extension of the period spent at school. The achievement of 
this objective may also require that more attention be given to_ 
‘non-faculty’ subjects in assessing university entrance standards, 
which in turn would involve changes in the present accepted 1 
G.C.E. subjects at the advanced level. Some practical suppor 
to this line of thought would be given by the suggested Cambridge) 
Honours Course combining science and the arts, which would. 
also give encouragement to the sixth-form boy on the arts side to 
study science. 


Referring to teachers for technical colleges, the report, ‘ The | 
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cational institutions and industry tend ‘to regard themselves 
separate and distinct rather than as intimately associated 
rtners in a joint enterprise’. 
In spite of the many difficulties in its application, industry 
pould most carefully consider how to implement the following 
atement appearing in this report: ‘Industry . . . must be willing 
accept and indeed to encourage and assist the transfer to 
lii-time teaching work of experienced staff it can ill afford to 
se as the only means of ensuring a much augmented supply of 
itable recruits of high quality’. 
Before leaving this topic, I would suggest to the electrical 
justry the need for a careful assessment and understanding of 
implications of industrial training as part of the sandwich 
/urses now being approved by the National Council for Techno- 
ical Awards. These courses will be run by approved technical 
iieges and will lead to the Diploma in Technology (Engineering). 
a6 student gaining this award is assumed to be knowledgeable 
both the fundamentals of science and technology and also in 
é practical application of this knowledge. It follows, there- 
ré, that the purely academic training, and the technological 
aining carried out in industry, must be treated as of equal 
pportance in order that the award may denote an adequate 
andard of academic achievement and of competence in techno- 
»gical application. The danger is that the periods of industrial 
aining may tend to be regarded as periods of normal employ- 
ent unrelated to the academic part of the sandwich course. 
aould this become the general pattern, then the objective of 
coducing technologists, that is to say engineers with experience 
‘the practical application of fundamentals, will not be achieved. 
|is my considered view that industry must take an active part 
determining the standards and requirements of the techno- 
gical training and must insist on these standards being 
iaintained. 
The new course for the Diploma in Technology is only one of 
any factors which are increasing the demands for practical 
aining, the burden of which is carried almost exclusively by 
‘e larger industrial concerns. There is a limit to what these 
‘ganizations can do, however, and even though this limit has 
srhaps not yet been reached, it is clearly right and necessary 
at smaller firms should contribute their share to the pool of 
-actical training facilities. A very few such firms are already 
mtributing through co-operative training schemes, and they 
ive shown that, given the right conditions, such schemes can 
» successful. Because extra men will be available owing to the 
ilge going through the secondary schools, and because of the 
il-off in call-up, there is an urgent short-term need to provide 
iditional practical training facilities, quite apart from the long- 
rm implications of the position. It would be a disastrous 
vadox if, at the time when schools, colleges and universities 
€ ‘ncreasing their outputs in an attempt to provide the addi- 
yal men which industry has called for over such a long period, 
dustry itself should fail to have available the practical facilities 
out which training cannot be properly completed. 
We must all welcome the Government decision for a progressive 
/rease in the numbers called up for National Service, which is 
ve likely to end in 1960; in addition, it is probable that in 1958 
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and 1959 not all those liable for Service will actually be called up. 
However, in these two years all trained men who have been 
deferred will continue to be called up even if more are available 
than the Forces require to meet their needs for skilled man- 
power. Obviously, industry could well do with this surplus. 
This waste of our most valuable commodity—trained personnel— 
is very disturbing, and one must hope that the policy behind it 
will be further considered. 

Among the many aspects of education industry has to deal 
with is that of keeping its own technical personnel of all grades 
up to date with the many new ideas which are constantly coming 
forward. Usually this can be done by reading and by outside 
lectures, but occasionally, when quite a new concept is intro- 
duced, something more than this is needed. Transistors, for 
instance, require the engineer, who is accustomed to working 
with valves, to think in quite a different way. Instead of thinking 
in terms of voltage he must think in terms of current, and 
practically all his accustomed habits of design thought must be 
discarded. In such instances industry has the task of re-educating 
its own engineers, and some special effort is required. In the 
case of transistors the need has been met, in one instance, by the 
production of a film which explains the theory of transistor 
operation and then proceeds to the derivation of the equivalent 
circuit; such an approach enables the engineer to base his new 
ideas on the solid foundation of basic fundamentals. As 
electronics expands ever more rapidly into new fields, the valve 
industry will have to give increasing thought to this problem 
of re-education. 

Recently the recruitment of larger numbers of women to the 
ranks of technicians and professional engineers has been 
increasingly advocated. In a country such as ours, which still 
holds rather definite views on the scope of women’s activities, 
such a course presents its own peculiar difficulties and requires 
a change in outlook among parents and teachers and in industry. 
It is time we ceased to fear the shadow which the wedding ring 
casts behind and before it. Already this fear is less than it used 
to be; for instance, marriage is no longer a bar to some posts, in 
teaching and in the Civil Service for example. But we in 
industry are changing our ideas far too slowly. In the long run, 
I believe, prejudices will be overcome; let us hope the process 
does not take too long, because we urgently need at this moment 
the skilled contribution which, I am sure, suitably trained 
women have it in their power to give. The reason we turn to 
them is quite simple; they are the most significant source from 
which we can meet our persistent and dangerous shortages of 
trained personnel. 


THE PRESS 

I am very pleased to include in this Address some mention of 
the Press, because The Institution and the electronics industry 
owe so much to the support they receive from both technical 
and lay papers. 

It is my view that the public require to be still better informed 
on scientific achievements and that there is a great deal more to 
be done in educating them to a deeper appreciation of the 
significance of our work as engineers. The chief means of 
closing this gap between science and those who work in other 
fields is through the lay Press, and we are grateful to them for 
what they have already done in this direction and for bringing 
our achievements to public notice. I am convinced that the 
role they are playing in this way will be of ever-growing 
importance. 

One of the difficulties with which engineers are faced to-day is 
that the rate of advance is so rapid that many of us tend more 
and more to become specialists in our own particular subjects, 
and develop an increasing ignorance of other work which has no 
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immediate bearing on what we are doing. It is the technical 
Press which plays a major role in bridging this gap; it is also to 
the technical Press that we look for the broad and intelligent 
exchange of ideas and information, and for the publication of 
the results of our individual work. I like to think of the technical 
Press as complementary to the journals of the learned and 
professional institutions, the whole constituting a shop front in 
which we can display our scientific wares, not only amongst 
ourselves but also to other scientists all over the world. 

It is appropriate to acknowledge the accurate and painstaking 
work of the editorial staff of our own Institution. When you 
consider the wealth of papers, articles and other publications 
produced by our members, and when you remember that all 
this, and a good deal more, has to be sifted, assessed, edited and 
presented accurately and intelligently in the various Institution 
publications, then I think you must all agree with me that our 
editorial staff does a really magnificent job. 


BEYOND THE HORIZON 


I conclude my Address by leaving with you a thought which 
I personally feel is of growing importance, not only for us as 
members of this great Institution, but for all scientists and 
engineers in all the countries of the world, and which may well 
become the most significant issue that members of professional 
bodies such as our own have so far had to face. I refer to our 
role as leaders, not in the sense of fitness for an executive position, 
but as leaders who accept the responsibility for guiding opinion 
on the significance and implications of scientific engineering 
advances, so that these advances assist the lot of mankind rather 
than the reverse. 

We have invariably regarded it as right that we should be 
concerned only with establishing scientific truths, putting new 
knowledge to some practical use, producing some commodity 
at the right price, at the right time and in the right place, and 
showing how engineering science can be successfully harnessed 
to fulfil our many needs. With a few exceptions we have been 
little concerned with the social and political repercussions of our 
efforts; the use which others make of our work has far too 
seldom appeared to us to be of prime importance. I believe 
that the time will soon be here, if it has not already arrived, 


when more of us must be as much concerned with the results of 
our scientific and engineering achievements as we are with the 
work itself. | 
For instance, we have made automation possible—what is our || 
responsibility for the social changes it will bring? Lately there ) 
has been considerable public discussion on the value of television; 
it is said that on these programmes some £18 million per year )} 
are spent by the B.B.C. and I.T.A. together. One cannot help 
reflecting whether the engineers who created this medium have 
not some special responsibility for the way in which it is used. 
They cannot stand aside and make no contribution whatsoever 
to current thought on these matters. The scientist must take ¥), 
part in government at the highest level, as exemplified by Sir J 
Winston Churchill’s appointment of the late Lord Cherwell as 4 
his scientific adviser during the last war. 
However, it is in the military sphere that this question of our | 
responsibility has appeared in its most acute form, and it is not }} 
a new problem by any means. H. D. Smyth of Princeton | 
University, New Jersey, has admirably stated the situation in the 
first report ever published on the military use of atomic energy 
Writing in 1945, he said, ‘We find ourselves with an explosive 
which is far from completely perfected. Yet the future possi- 
bilities of such explosives are appalling and their effects .. . on 
international affairs are of fundamental importance. Here is a 
new tool for mankind. . . . Its development raises many question: 
that must be answered in the future. These questions are not | 
technical questions—they are political and social questions and 
the answers given may affect all mankind for generations.’ We 
are very little nearer finding an answer to these questions than. 
we were twelve years ago when this was written. 
In the meantime we now have a completely new situation, and 
must face the fact that the world has been brought to a crossroads; | 
one road leads to the destruction of world civilization as it now , 
exists, the other to a better life for everyone, not only in back- 
ward countries but in highly developed countries too. It is we, ~ 
the engineers and scientists, who are largely responsible for this” 
position, and surely we are morally responsible for the way in | 
which our work is used. Can we, or dare we, stand aloof from | 
the social and political implications of what we have achieved? © 
I am convinced that this question must sooner or later be given 
an answer. I am equally convinced that this great Institution 
of ours has a vital part to play in framing that answer. | 
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RADIO AND TELECOMMUNICATION SECTION: CHAIRMAN’S ADDRESS 


By J. S. McPETRIE, Ph.D., D.Sc., Member. 


‘SOME RADIO AIDS FOR HIGH-SPEED AIRCRAFT’ 
(Asstract of Address delivered 16th October, 1957.) 


If an aircraft is delayed either in take-off or landing, the delay 
“ings about a reduction in effective speed. Some idea of the 
iagnitude of this effect can be seen from Fig. 1, for which 
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ig. 1.—Loss of speed due to a delay of 20min in an air journey of 
00 miles. 


is been assumed a 10min hold-up at each end of a 300-mile 
ght. It will be noticed that the effect of this delay becomes 
‘ogressively greater as the aircraft speed is increased. As 
ie cruising speed increases, therefore, it becomes ever more 
’portant to reduce to a minimum any delays en route. 

Effective control of an aircraft near a departure or arrival 
rport requires adequate communication between the controller 
1 the ground and the pilot in the aircraft. At present, the 
ain communication link to the aircraft for short-range working 
by v.h.f. equipment, which has now been in operation for 
ther civil or military aircraft for nearly 20 years. It is worth 
calling that this country in the last war was the first in the world 
evolve a system for the close control of fighters by the use of 
dio, and that this was an essential link in the defence chain 
erating during the Battle of Britain. 

V.H.F. equipment is being replaced in all N.A.T.O. military 
rcraft by u.h.f. equipment operating in the 225-400 Mc/s fre- 
iency band. Although u.h.f. equipment, for the present, is 
nfined to military aircraft the facilities offered are of the type 
ich might be expected in all aircraft in the near future. In 
¢ airborne equipment the pilot can select no less than 1750 
parate channels simply by dialling the required frequency; in 
dition, he will have 18 preset channels and the distress channel, 
| available on a pushbutton basis. 

Because of the quasi-optical characteristics of radiation in the 
1.f. and u.h.f. bands the ranges of such equipments are limited 
the horizon ranges of the aircraft. For longer ranges we must 
e equipment operating at lower frequencies in the h.f. band, 
_1-30Mc/s. The system of ground-air communication which 
ii probably be designed for use in this part of the frequency 
ectrum will be of the single-sideband type described in a 
wer by Mr. Barnes.* The incorporation of single-sideband 


' Barnes, G. W.: ‘A Single-Sideband Controlled-Carrier System for Aircraft 
s munication’, Proceedings I.E.E., Paper No. 1535 R, August, 1953 (101, Part III, 
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techniques in h.f. equipment should give substantial improvement 
in long-range communication with aircraft over the existing 
systems which are of double-sideband type. The performance of 
airborne single-sideband communication may well be sufficient 
for all long-range ground-air communication to be made by 
radiotelephony. If this were satisfactory, a specialist signaller 
in the aircraft could be dispensed with, thus resulting in an 
increase in payload; at the same time, by communicating directly 
by speech with the pilot, both the handling time of any message 
and the probability of error in interpretation would be greatly 
reduced. 

However adequate the communication between the ground 
controller and the pilot, the instructions to the latter cannot be 
satisfactorily carried out unless he already has a fairly precise 
knowledge of his position relative to the track which he is 
expected to follow. Any deviation from this track, in addition 
possibly to endangering the aircraft, will cause additional journey 
time, which is equivalent to a reduction in effective aircraft speed 
just as much as a delay at either end of the journey. The pilot 
must therefore have adequate navigation information at all stages 
of the flight. 

There are a number of air navigation aids which have been in 
use for some time, such as D/F, Radio Compass, V.O.R.,D.M.E., 
Gee, Loran, Decca and Console. As most of these have been 
described before, remarks will be restricted to some of the newer 
radio-navigation aids which might be expected to come into 
general use in the next few years. Typical of these newer aids 
are Tacan, Doppler, Dectra and stable-frequency oscillators. 

As its name implies, Tacan was developed originally for 
tactical use by single-seat fighters. The interpretation of the 
results obtained, therefore, had to be as easy as possible, any 
complexity being relegated to the design of the circuits in either 
ground or airequipment. Essentially, Tacan consists of a ground 
beacon operating in the 1000 Mc/s frequency band and energizing 
a cylindrical aerial system rotating at a speed of 900r.p.m. This 
aerial gives rise to a modulation in the signal received by any 
aircraft tuned to the beacon, and the phase of this modulation 
as measured in the aircraft is sufficient to determine the direction 
of the beacon from the aircraft. The ground beacon incor- 
porates a transponder which can be triggered by the aircraft 
transmitter, the distance between the aircraft and beacon being 
given by the time between the initiating pulse from the aircraft 
transmitter and the reception of the signal in the aircraft from 
the beacon transponder. The duty cycle of the ground trans- 
mitter remains constant by ingeniously modulating it with noise 
pulses while no aircraft is interrogating the beacon and replacing 
the noise pulses by the interrogation pulses until the beacon 
becomes saturated with 100 simultaneous aircraft interrogations. 

The bearing and distance of the interrogated beacon are both 
displayed in the pilot’s cockpit on a single dial similar to that of 
a car speedometer, the directional information being given by a 
centrally mounted pointer and the distance by an inset counter. 
The range, as would be expected for a system operating in the 
1000 Mc/s frequency band, is limited to that of the optical 
horizon of the aircraft, with an overall limit of 200 miles. Aircraft 
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speeds of up to 1500m.p.h. can be accommodated. The Tacan 
system is not in general operation yet, there being only one 
ground beacon in the United Kingdom installed at Farnborough. 
However, there is every hope that before long its use will be 
fairly widespread, as it is the first navigational aid which gives 
directly both distance and bearing of an aircraft from a known 
ground position. 

The Decca navigator has been extensively used for ship naviga- 
tion and is becoming popular as an air-navigation aid. Owing 
to errors arising from ionospheric propagation effects its range 
is restricted to some 300 miles. A modification of the system to 
operate at ranges of 1000 miles or more and called Dectra has 
recently been tested in a Valiant aircraft across the Atlantic. 
The results suggest that in Dectra we may have an extremely 
valuable navigation aid for aircraft on transoceanic routes. 
Briefly, the system consists of a master and slave station operating 
at a frequency in the region of 70 kc/s and located about 100 miles 
apart normal to, and at each end of, the route along which a 
series of tracks is required. The proposal is that Dectra and 
Decca should form an integrated system, some of the airborne 
equipment being common. On leaving an airfield the pilot 
would have all the facilities for accurate navigation using Decca. 
This would allow him to navigate his aircraft into the Dectra 
field system so as to take up the track which he was scheduled to 
follow. Each Dectra track, of course, corresponds to a given 
phase difference between the radiations from the nearer master 
and slave Dectra stations. Near mid-route the pilot would 
transfer to the appropriate track formed by the two Dectra 
stations at the terminal end of his journey. When he approaches 
these stations, he can then obtain more accurate fixes from the 
Decca chain covering his destination airfield. 

It is proposed that range determination for Dectra should be 
given by comparing the phases of the radiation received in the 
aircraft from the master stations at each end of the system. It 
is envisaged that continuous reception from both ends of the 
route may not always be possible, and so a stable-frequency 
oscillator will be carried in the aircraft as a memory aid during 
periods of poor reception. At present, the only Dectra stations 
are located in Newfoundland. In spite of this limitation, how- 
ever, the Valiant aircraft has made a number of successful 
flights between Newfoundland and the United Kingdom, in one 
of which the first land sighted was on breaking cloud over the 
home station at Boscombe Down. 

Changes in relative phase between the radiation from a’stable- 
frequency transmitter on the ground and the phase of a corre- 
spondingly stable oscillator in an aircraft at nominally the same 
frequency can be used directly to determine changes in radial 
distance between the ground transmitter and the aircraft. When 
associated with any system giving the direction of the aircraft 
relative to a known ground position the pilot can use his stable 
oscillator to determine his actual position. Alternatively if two 
stable-frequency ground transmitters are available, the distance 
of the aircraft from each transmitter can be determined and thus 
the position of the aircraft. This system has not been used to 
date because of the extremely high order of frequency stability 
which is required. This can be seen from the following Table, 
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which gives the distance error resulting from comparing two 
oscillators supposed to be on identical frequencies, f, but | 
actually being on slightly different frequencies, f and f + of. 
It will be noted that the frequencies must lie within 10~° of 
one another to reduce the errors to the order of 1km over a} 
period of one hour. Since the error in range determination | 
arising from a given error in frequency setting is proportional | 
to time, the accuracy of the stable-frequency oscillator as a 
navigational device becomes correspondingly greater as the 
journey time itself decreases. We may expect, therefore, to see 
increasing use of such devices as aircraft speeds increase. 
Research in both the United States and the United Kingdo 
is proceeding into methods for using the spectral lines of mole- | 
cules such as ammonia and caesium for the control of stable- 
frequency oscillators. The accuracy of frequency setting for 
such oscillators should be adequate for this purpose. 
frequency has the unique advantage of showing no frequency 
drift, a characteristic of, for example, quartz oscillators. 
Most navigation systems require both ground and air equip- 
ments. Self-contained navigation aids are now making their 
appearance, and one of the latest of these is Doppler navigation. | 
In this system, a radar carried in the aircraft illuminates the 
ground by forward and rearward looking beams. The ground 
returns in the two cases are compared in frequency, and as the 
difference corresponds to twice the Doppler component, the — 
velocity of the aircraft relative to the ground can be determined 
In the equipment produced in this country, the airborne radar — 
also feeds alternately beams to port and starboard. By this” 
means the effect of drift can be taken into account. E 
One great advantage of the Doppler navigator is that, theo 
retically, it has no limit in range. However, for the longer ranges — 
it is advisable to check and correct, if necessary, the system when 
the aircraft passes over recognizable ground features en route. 
The pilot is now well on his way towards his destination, having 
been given suitable instructions by radio, and navigating his 
aircraft with the assistance of, possibly, one of the navigation 
systems described above. When he reaches a distance of about 
50 miles from the arrival airport, the pilot asks for a check of his 
position. This is obtained by determining his bearing relative to” 
a number of ground D/F stations, the resulting fix being reported 
by radio to the pilot by the ground controller, who will also give 
suitable instructions as to how he wishes approach and landing 
to be carried out. The aircraft may be taken under control by 
the controller and talked down to eventual landing. Alter- 
natively, the pilot may approach the required runway using his 
altimeter and the instrument landing system. 
An aircraft is made to approach the destination airfield along 
a series of recognized routes. With increasing density of air 
traffic and, particularly, with increasing aircraft speeds, the air-_ 
traffic controller requires correspondingly increased range on his 
ground radar. However, increasing the range of a ground-— 
surveillance radar also increases the amount of information in 
all directions as well as along the traffic lanes. It would be 
much better for the controller to have access to the information 
gathered by radars located at some distance along the traffic 
lanes as well as a more-modest-range radar close to the airport. 
Such an arrangement of remote radars brings in the problem of 
transferring the information gathered by them to the ground 
controller. There are various possibilities of achieving this 
objective; for example, the complete p.p.i. display could be trans- 
mitted by radar relay. However, this is much too inflexible and 
expensive and, at the same time, sends more information to the 
ground controller than he requires for air-traffic control purposes. 
Some work will be described which has been carried out at the 
R.ALE. by Mr. Hinckley on the automatic processing and trans- 
mission of radar data over normal telephone lines. In this 
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cheme, the ‘raw’ data from a plan-position search radar under- 
oes signal integration, thereby allowing automatic detection of 
Iget signals without appreciable loss in maximum range of 
etection. Some idea of the gain in discrimination of the signal 
om noise can be obtained from Fig. 2. 


ig. 2.—Gain in discrimination of signal from noise by means of signal 
integration. 


(a) Input signal immersed in noise approximately eg iE 
(b) Output signal showing improvement after integration of 10 inputs. 


In the R.A.E. equipment, the occurrence of an integrated 
irget signal above a given threshold automatically causes the 
R, 0) co-ordinates of the target to be measured in binary digital 
xm. The appropriate (X, Y) co-ordinates are generated simul- 
neously and passed to a magnetic-core store. While the rate 
f input information to this store depends on the azimuthal 
istribution of aircraft, the information contained in the store 


is extracted at a steady rate such that the content of the store, if 
full, is extracted over a period equal to the rotational period of 
the radar aerial. The store, as at present constructed, can accom- 
modate 22 digits of information about each of 625 aircraft. 
With a typical rotational period for the radar of 10sec, the rate 
of transfer of information from such a store is 1375 bits per 
second, a rate which can easily be accommodated by a normal 
telephone line. 

All the relevant air-traffic control information at the distant 
radar can, by this means, be transferred automatically over a 
normal telephone line to the ground controller. As the informa- 
tion is already in Cartesian co-ordinates, allowance for the 
displacement of the remote radar can readily be made, so that, 
if necessary, the remote targets could be displayed directly on 
the plan-position indicator already in use by the ground controller, 
or in any other way. 

The conventional p.p.i. display of a radar at the R.A.E. has 
been compared with the corresponding decoded display after 
integration, automatic detection, conversion from polar to 
Cartesian co-ordinates, digital encoding, storage, with subsequent 
transmission over 150 miles of normal Post Office telephone 
circuit which passed through six public exchanges, and final 
decoding and display. In spite of the complex radar processing 
involved, little information is lost; in fact, the processed display 
is better than the original because in the processing certain irre- 
levant information is automatically suppressed. 

It is believed that some such method for the automatic proces- 
sing and transmission of radar information will be essential in 
the near future at all major civil airports in order to accommo- 
date the increase in traffic density and aircraft speed which is to 
be expected. 

Incidentally, a subsidiary but very useful advantage of the 
radar processing scheme is that, as the information can be carried 
adequately by a normal telephone circuit, it can equally well be 
transferred to a magnetic tape or similar recording. A p.p.i. 
display, in fact, has been made at the R.A.E. from a normal 
magnetic tape carrying processed radar data. Such a recording 
could be made of each aircraft approach to, and landing at, an 
airfield, when information would be available for any subsequent 
accident inquiry. 

Looking further into the future, we can envisage a time, not 
so far distant, when the processed radar data can be used in a 
ground-based digital computer and appropriate command signals 
sent automatically to the aircraft controls so that a fully automatic 
approach and landing would be possible. 

In this Address only certain highlights in the use of radio and 
electronic aids to flying can be touched on. It is probable that 
the use of such aids will become ever more important as both the 
traffic density and speed of aircraft increase. 
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SCOTTISH CENTRE: CHAIRMAN’S ADDRESS 
By E. OPENSHAW TAYLOR, B.Sc., F.R.S.E., Member. 
‘SCOTTISH ENGINEERS AND THE SCOTTISH ELECTRICAL TRAINING SCHEME’ 


Apstract of Address delivered before the Soura-East SCOTLAND SUB-CENTRE at EDINBURGH 1st October, the SouTH-WeEsTt SCOTLAND SUB- 
CENTRE if GLascow 2nd Girton and the NorTH SCOTLAND SUB-CENTRE at ABERDEEN, 4th October, and DUNDEE, 17th October, 1957.) 


This Address reviews some of the early contributions made by 
Scottish engineers to British industrial progress and discusses 
some aspects of present student education in Scotland. 

About 250 years ago, at the time of the Union of Parliaments, 
Scotland was almost a feudal State with only a little shipbuilding, 
fishing and primitive coal-mining giving importance and employ- 
ment to a few East Coast towns. About this time, however, the 
foundations of modern engineering were being laid in England 
by the development of the iron industry, and soon after, Dr. 
John Roebuck stepped on to the Scottish scene. Roebuck was 
trained in medicine at Edinburgh University, but subsequently, 
with the help of Samuel Garbett, a Birmingham business man, 
he entered the iron industry by building the Carron iron works, 
near Falkirk, in 1759. Whereas in England the iron industry had 
grown up gradually over a long period, in Scotland, due to Dr. 
Roebuck, it started suddenly and on a relatively large scale; the 
Carron works, which brought the word ‘carronade’ into the 
language, still prosper to this day. 

Into this world was born the first of the great Scottish engineers, 
James Watt. In 1755, at the age of 19, he decided to become a 
mathematical instrument maker and, like many subsequent 
Scottish engineers, went to England for his apprenticeship. The 
journey took him twelve days over almost non-existent roads; 
returning to Glasgow as instrument maker to the University he 
interested himself in the steam engine. He devised the separate 
condenser, which, following Newcomen’s idea of the separate 
boiler, so greatly increased the efficiency of the engine as to make 
it into the prime mover that introduced the industrial revolution 
into Britain. 

It is important to realize that Watt did not suddenly come upon 
the idea of the separate condenser; he had wondered for a long 
time how to overcome the inefficiency of the Newcomen engine, 
and, setting an example to later students and engineers, he made 
a close study of the basic principles underlying the work he was 
attempting—he investigated the properties of steam. It was this 
fundamental knowledge that enabled him to visualize the solu- 
tion to his problem when taking a Sunday afternoon walk across 
Glasgow Green. On Watt’s death a monument was erected, by 
public subscription, in Westminster Abbey; in the Capital of 
Scotland a similar fund was inaugurated by Lord Cockburn 
which eventually resulted in a statue and in the Watt Institution 
and School of Arts; this Institution has developed into the 
Heriot-Watt College and the statue stands outside the present 
building. 

William Symington of Leadhills also took out patents for a 
steam engine, leading to some discussion with Watt over possible 
infringements. One of Symington’s engines was installed, in 
1802, in the Charlotte Dundas, which sailed on the Forth and 
Clyde canal and was the world’s first practical steamship. It is 
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said that Robert Fulton, an American but the son of a Dumfries 

man, and Henry Bell of Linlithgow saw the trials of the Charlotte 
Dundas before developing the Clermont and the Comet, which 
achieved fame in their respective countries as pioneer steamships. 

The deplorable state of the roads encountered by Watt on his 
journey to London was remedied largely by two men from 
Dumfries—John Loudon McAdam (1766-1836) and Thomas 
Telford (1757-1834). McAdam’s major contribution was a new 
form of road surface comprising small stones laid to a thickness 
of about a foot on the natural soil, and so successful was his 
method that many miles were laid and he earned for himself the 
title ‘Colossus of Roads’. 

Telford in his young days worked as a stonemason in Edin- 
burgh and subsequently built not only roads but also harbours, 
bridges, canals and tunnels and eventually became the first Presi- 
dent of The Institution of Civil Engineers. Telford set an 
example to many later Scottish engineers by extending his activi- 
ties outside Britain, a notable achievement being his construction 
of the Gota canal in Sweden. He also set another example that — 
might well be followed by modern engineering students in that _ 
he was, on all occasions, well and correctly dressed. 

Contemporary with Telford was John Rennie (1751-1821), an 
Edinburgh University student, subsequently employed by Watt. 
Among the numerous harbours and bridges that he built was the 
original Waterloo Bridge, which, although no longer in existence, — 
is still regarded as one of the world’s masterpieces. 

Returning to mechanical engineers one finds the name of 
James Nasmyth, inventor of the steam hammer, who was born, 
educated and buried in Edinburgh. He started business as a 
millwright in Manchester in 1834 with one assistant, and, 
22 years later, retired at the age of 48, leaving the large Bridge- 
water Foundry employing over 5000 people and was able to 
enjoy 34 years of retirement. 

One must not forget the contribution of Scottish engineers to 
the development of the steam locomotive, and among many 
names, two stand out as having had influence far beyond the 
borders of Scotland. Patrick Stirling was born at Kilmarnock 
in 1840 and rose to be Locomotive Superintendent of the Glasgow 
and South Western Railway before going to the Great Northern 
in 1866, where he built the famous single-wheelers that hauled. 
the East Coast expresses of the day at speeds up to 80 m.p.h. 
Engine No. 1, still preserved at York, took part in the great 
Railway Race of 1895, when the journey from King’s Cross to 
Aberdeen was done in 84 hours. The other name is that of 
Dugald Drummond, who became Locomotive Superintendent of — 
the North British Railway, of the Caledonian Railway, and 
finally of the London and South Western Railway. Drummond 
engines were characterized by their simplicity and robustness, 
but, nevertheless, one of his engines, on the last night of the 
Railway Race, hauled the West Coast express over the difficult. 
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aledonian section of the route from Carlisle to Perth at an 
yerage speed of 60 m.p.h. 

| It was while these spectacular achievements in mechanical and 
vil engineering were taking shape that Michael Faraday was 
tying the foundations of electrical engineering. The possibility 

* obtaining an appreciable and controllable force led several 
(ientists of the time to devise simple electric motors. Robert 
‘avidson of Aberdeen seems to be the only Scottish participant 

the field at this time; by 1839 he had a lathe and a truck 
oerated by electric motors; the Royal Scottish Society of Arts 
oted him a small sum for his experiments, which culminated in 

16ft battery-driven vehicle weighing 5 tons which ran at 
m.p.h. on the Glasgow-Edinburgh Railway. 
| Little further electrical activity seems to have taken place in 
cotland until the advent of William Thomson, Lord Kelvin. 
-e entered the University of Glasgow at the age of 10 and carried 
‘Tt many prizes, finally proceeding to Peterhouse College, Cam- 
ridge. In addition to his academic distinctions, Thomson won 
xe Colquhoun Sculls, founded the University Musical Society 
ad spent some months in France, where he met many of the 
ading scientists; in these varied activities he set another example 
aat present engineering students may follow with advantage. 
homson was thus well equipped to accept the Chair of Natural 
hilosophy at the University of Glasgow in 1846, where’ he 
*mained until his retirement in 1899. Professor Dee has spoken 
f the ‘Dilemma of Lord Kelvin’—should he devote his abilities 
» pure science or to its engineering applications? As his life 
regressed he tended more and more towards the second alterna- 
ve, one result of which was that he died a rich man. Kelvin 
ave us the Atlantic telegraph cable, the heat pump, a host of 
ieasuring devices and, of course, Kelvin’s law; he also invented, 
oncurrently with Ferranti, the ribbon armature which was used 
1 many Ferranti alternators. 

Associated with Kelvin in his later years was George Forbes, 
dpointed in 1873 to the Chair of Natural Philosophy at the 
nderson College, Glasgow, now the Royal College of Science 
id Technology. Forbes definitely abandoned pure for applied 
rience and set up as a consultant in electrical and civil engineering 
1 London. With Lord Kelvin he was invited in 1890 to advise 
n the first hydro-electric scheme at Niagara and was appointed 
ynsultant to the construction company. It is not very widely 
nown that, in 1884, he was the first to use the carbon brush. 

In these early days two names stand out as the founders of the 
lectrical manufacturing industry in Scotland—Henry Mavor and 
avid Bruce Peebles. Henry Mavor entered upon a medical 
ourse at the University of Glasgow but abandoned that career 
. favour of an association with Col. R. E. Crompton in some of 
is early electric lighting schemes. Mavor then returned to 
lasgow and set up arc lighting installations at the Post Office, 
ueen Street Station and elsewhere; the firm of Muir and Mavor 
as founded and the first public supply of electricity in Glasgow 
as given from Miller Street in 1885, so that by that time elec- 
ical engineering had become established in Scotland. Another 
otable achievement by Mavor was the first application of alter- 
ating current to ship propulsion in the 50-ton Electric Arc. 
Yavid Bruce Peebles, who was born in Dundee in 1866, started 

firm in Edinburgh to manufacture gas appliances; in 1898, 
cing the rising importance of electrical power, he initiated an 
ectrical department which has now grown into an electrical 
anufacturing firm known throughout the world for its heavy 
ectrical plant. Although not born in Scotland, Jens La Cour, 
vef engineer of the firm from 1903 to 1907, contributed largely 
> its fortunes, and therefore to the fortunes of Scotland, by his 
yention and development of the motor-convertor. 

The name of Munro has been associated with the Scottish 
eetrical contracting industry since 1840, when David Munro 
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founded, in Glasgow, the firm of Anderson and Munro. In the 
next generation John M. M. Munro was closely associated with 
the pioneer work of Crompton and Kelvin in various electrical 
installations, and in 1888 he built the first electric railway in 
Scotland from Carstairs House to Carstairs Junction, about 14 
miles. In 1899 J. M. M. Munro was associated with Kelvin, 
Henry Mavor and others in founding the Scottish Centre of The 
Institution. 

Scottish engineers have also been represented in the field of 
communication. Alexander Graham Bell, inventor of the 
telephone, was born in 1827 and educated in Edinburgh, although 
he subsequently moved to Canada and the United States, where 
the actual invention was made. Bell himself in his early years, 
his father and his grandfather were connected with the teaching 
of elocution and in vocal physiology, and, as with Watt, the 
development of the telephone was a spare-time occupation. 
Another Scottish name in the communication field is that of 
John Logie Baird, the first man to produce a practical television 
picture. Like Watt, who got his inspiration when walking over 
Glasgow Green, Baird is said to have formulated his ideas of 
television while walking along the cliffs at Hastings, where he 
had gone in search of sunshine. Baird achieved, perhaps, less 
than he deserved, as ill-health and lack of finance were often a 
handicap; nevertheless, starting with very primitive equipment 
he developed his mechanical scanning apparatus to such per- 
fection as to be able to televise the Derby and other events in 
1932. The world was then, however, entering the electronic age 
and another Scot, Campbell Swinton, as far back as 1908 had 
suggested that the cathode-ray tube might be applied to the 
problem. Although Baird’s system was used for public trans- 
mission by the British Broadcasting Corporation, it could not 
compete with the alternative electronic system and its use was 
abandoned. Even after this setback Baird continued with 
experiments on colour television and other things until his health 
finally broke down in 1946 at the age of 58. 

The last of the Scottish pioneers to be mentioned is Sir Edward 
McColl. He travelled the hard way—John Brown’s shipyard, 
Glasgow tramways, Pinkston power station, the Clyde Valley 
Power Co., and finally, in 1927, Manager of the newly-formed 
Scottish Area of the Central Electricity Board. The McColl 
protective system became famous in both hemispheres, and long 
before the Second World War McColl had worked out plans for 
a pumped storage scheme at Loch Sloy. When the North of 
Scotland Hydro-Electric Board was formed in 1943, McColl 
was an obvious choice for the position of General Manager, and 
the econonnic success of the scheme, the greatly improved High- 
land amenities and the revival of local industries resulting from 
it are fitting memorials to one of Scotland’s most famous 
engineers. 

The names referred to are only a selection of those who, in the 
past, have made Scottish engineering known throughout the 
world—but what a heritage for so small a country and what a 
standard to maintain in the future. The students of to-day, and 
their teachers, have a great task before them if they are to main- 
tain these high traditions. 

The purely academic education available to undergraduates in 
Scotland has long been, and still is, at least equal to that obtain- 
able elsewhere; particular attention is, however, now being paid 
to full-time and part-time post-graduate courses and to helping 
the student with such semi-technical matters as public speaking 
and acquiring an awareness of engineering achievements beyond 
the limited curricula of his lecture rooms. 

Provision of a broad practical training has always been difficult 
in Scotland as no individual Scottish firm is sufficiently large to 
give, within its own organization, a training on as wide a scale 
as that provided by some of the large firms in England. A 
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training scheme involving co-operation between a number of 
complementary firms seems, therefore, the only way in which 
Scotland can make her proper contribution to the practical 
training of British professional electrical engineers. Such a 
possibility was mentioned in my Chairman’s Address to the 
South-East Scotland Sub-Centre in 1954 and was subsequently 
discussed by Sir Hector Hetherington of Glasgow University, 
Mr. William Fraser and Mr. J. S. Hastie in the West of Scotland, 
by Mr. W. B. Laing and Mr. C. M. Beckett in the East of Scot- 
land, and also by a number of others, with the result that on the 
12th January, 1956, Mr. Fraser convened, at the St. Enoch 
Hotel, Glasgow, a meeting of representatives of industrialists 
and academic bodies to discuss the matter. As a consequence 
a working committee was nominated to investigate the possi- 
bilities and prepare a draft scheme for the vacation and post- 
graduate training of electrical engineering students by making 
use of the joint facilities of the Scottish electrical industry; a 
secondary objective was to interest senior school pupils in the 
possibilities of an engineering career. 

After six months of intensive work under the chairmanship of 
Mr. Kenneth Atchley, the committee produced a scheme which 
was submitted to the nominating body and, with only small 
modifications, accepted by them on the 11th July, 1956. This 
date may therefore be regarded as the birthday of what is now 
known as the Scottish Electrical Training Scheme (S.E.T.S.), 
although, since one of the recommendations of the committee 
was that the scheme should be operated by a non-profit-making 
company, it was not finally incorporated as such until the 
25th February, 1957. 

The company comprises at present seven member firms (two 
heavy plant manufacturers, one switchgear manufacturer, one 
cable manufacturer, one light plant manufacturer and the two 
Scottish Electricity Boards; in addition a large electrical con- 
tracting firm is about to be admitted); it is managed by a board 
of seven governing directors representing the member firms and 
six advisory directors from the universities and leading technical 
colleges and one from the Scottish Council (Development and 
Industry). The first chairman of the board is Mr. Atchley. 

Shortly after the birthday meeting an executive committee was 
appointed by the board and began work on the detailed organiza- 
tion. On the Ist January, 1957, a full-time and fully independent 
organizing secretary was appointed with appropriate staff and 
office accommodation, and recruitment of trainees commenced 
forthwith. That this was possible within one year of the original 
meeting at the St. Enoch Hotel was a notable achievement, and 
there is no doubt that many future Scottish engineers will owe 
a considerable debt of gratitude to Mr. Kenneth Atchley for the 
very great skill and enthusiasm with which he guided the working 
committee, and later the board, through the many legal, financial 
and academic difficulties encountered in putting the scheme on a 
sound basis. 


This Scottish scheme offers a two-year graduate course as well 
as vacation and pre-college training; this summer 59 trainees 
have been enrolled, including seven graduates embarking on a 
two-year course, 37 vacation trainees and 15 pre-college trainees. 
It is intended that about 20 graduate trainees per year will 
normally leave the scheme as fully trained professional electrical 
engineers. 

Each student spends periods of appropriate length in the 
organization of one of the member firms, the programme being © 
arranged to give as wide an experience as practicable and a _ 
training in accordance with the recommendations of The Institu- 
tion for practical training of professional engineers. Since 
Scottish engineering skill is renowned throughout the world, | 
there is no doubt that trainees under the scheme will be in ~ 
contact with the best modern engineering practice, and particular 
advantages are the very wide range of experience offered and the 
fact that this includes not only manufacturing experience but 
also, through the membership of the Electricity Boards and a 
contracting firm, experience in the utilization of the manufactured 
products. An important feature is that trainees are employees 
of S.E.T.S. and not of one of the member firms. 

An obvious problem arising with a joint scheme of this nature: 
is the maintenance of a corporate spirit among the trainees; this 
is achieved by periodic conferences of all trainees together with 
senior staff of the member firms, by the regular issue of a bulletin. 
and by the fact that the scheme has premises in Glasgow which 
can be visited by the trainees and which act as a focal point for 
the organization. The first conference was held in September 
and the evidence from it indicates that S.E.T.S. has already 
become a major factor in the training of Scottish professional 
engineers. 

With regard to the secondary objective investigated by the 
original working committee, it is proposed to organize short 
courses of 3 or 4 days each for selected schoolboys during their 
holidays; each course will comprise about four boys, and, since 
the activities of S.E.T.S. members cover the whole of Scotland, — 
it is hoped that it will be possible to give opportunities to boys” 
all over the country without an undue amount of travelling 
or staying away from home. 

At present entry to S.E.T.S. is, for various practical reasons, - 
limited to Scottish students or students intending to make a 
career in Scotland. It is my personal hope, however, that in the 
future the doors will be opened to students from England and 
Wales, from the Commonwealth and from foreign countries so 
that Scotland will be able to play her traditional part not only in 
training British engineers but in training engineers for service 
throughout the world. ; 

It will require the combined efforts of Members, Graduates. 
and Students of the Scottish Centre so to formulate the history 
of the future that a Chairman 100 years from now will be able to. 
continue this great story of Scottish engineers. 
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By L. L. TOLLEY, B.Sc.(Eng.), Member. 
‘AUTOMATIC WORKING IN THE TELEPHONE TRUNK NETWORK’ 
(Asstract of Address delivered at BIRMINGHAM, 7th October, 1957.) 


In transmitting communications the objective is to save time 

ithout impairing the content of the message. Before man 
arned to write either he had to give the time to go and speak 
is message or he had to risk the unreliability of a messenger 
speating a spoken message. A written message is not altered in 
ansmission and a postman can carry a large number of letters 
7a time. A spoken message recorded on magnetic tape gives 
1 even more reliable transmission, since it carries the inflections 
[ the voice, which are often quite important, but it is necessary 
» have play-back apparatus at the receiving end. A telephone 
‘stem carries the spoken message with a very faithful reproduc- 
on and with an extremely short transmission time. Time can 
so be saved by those using the system and by those who operate 
if automatic switching is used to set up the connections. Some 
7% of all the telephones in this country are now served from 
cal automatic exchanges. The introduction of automatic 
orking on the trunk system is planned, and an automatic 
<change for trunk circuits was brought into service in London 
. $954. A similar exchange is to be opened in Birmingham 
uring this autumn, and the subject therefore seems very suitable 
x me to talk about. 

Since automatic production and handling are not usually 
sonomic for small quantities, let us first consider the growth of 
ie trunk telephone service as indicated by the records of the 
umbers of trunk calls: 


12 months ended 31st March Trunk calls (millions) 


1920 54 
1930 117 
1940 117 
1950 235 
1957 3 


he appearance of a standstill between 1930 and 1940 is due to 
ic fact that from 1935 onwards some calls have been classified 
; local that were previously classified as trunk calls. Thus the 
verall increase of trunk traffic from 1920 to the present year 
as in fact been greater than the figures show. The number of 
yeech channels over 25 miles in length has been increased very 
mnsiderably: 


At 31st March No. of speech channels 


1920 1707 
1930 3 680 
1940 6220 
1950 16340 
1957 22289 


The growth of the service and of the system has both stimulated 
1d been helped by developments in technique. The trunk lines 
sed at the beginning of the century were of heavy-gauge copper 
p to 8001b per mile) carried on pole routes. The introduction 
inductive loading before the 1914-18 War, and of amplifiers 
ibsequent to it, enabled the conductor weight to be reduced 
. 20-40 1b per mile, a small fraction of what was previously 
«i, and made it practicable to put the long-distance circuits 
cable. Carrier-current working, which was introduced on 
vechead lines in the 1920’s, was developed for use in cables in 
~ 1930’s and will now provide 960 circuits on two coaxial 
is of %in diameter. Unless these developments had been 
heved it would be necessary to have forests of poles supporting 
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many thousands of tons of copper wire to provide the number 
of circuits now in use—if indeed the circuits would be wanted 
in such circumstances and at the cost that would be involved. 

The trunk system must provide not only for the frequent calls 
between large centres of population but also for the occasional 
call from a small town or village to another small place at a 
distant point. To ensure the efficient use of plant it is obviously 
necessary to route these occasional calls via collecting centres 
so that the long-distance circuits between the centres can be 
used with a good occupancy-time, and for telephone traffic 
routing the country is therefore divided into Zones which in 
turn are divided into Groups, one exchange in each Zone or 
Group being the collecting centre at which the main routes 
terminate. A call from a subscriber on a minor exchange to a 
subscriber on another minor exchange in a different part of the 
country is routed from the originating exchange to the home 
Group centre, then to the home Zone centre, the distant Zone 
centre, distant Group centre and so to the required exchange. 
This is the basic system, but it is by no means rigid: if there is 
enough traffic between the exchanges in one Group and those in 
another, a route (i.e. a number of circuits) is provided directly 
between the two Group centres, and similarly if two individual 
exchanges have sufficient traffic a direct route is provided between 
them. However, in general the Group centres collect the trunk 
traffic and each Group centre has a route to its own Zone centre, 
and each Zone centre has routes to the others. 

Most of the exchanges handling trunk calls at Zone and Group 
centres are worked manually. Twenty-five years ago all trunk 
calls were passed forward from operator to operator and the 
last operator dialled the wanted number (if the called subscriber 
was on an automatic exchange). It was necessary that the 
dialling should be done by the last operator because the d.c. 
pulses which the exchange switches require for their operation 
are not transmitted satisfactorily over a long-distance amplified 
circuit designed for use as a speech channel. Towards the end 
of the 1930’s, however, a method of signalling over trunk circuits 
was introduced using line currents of two frequencies (600 and 
750c/s), the line currents being converted to d.c. pulses at the 
receiving end. These frequencies are in the speech range, and 
the method is often called 2VF signalling. The equipment was 
not suitable for the operation of circuits in tandem, and the 
system was applied only to circuits between Zone centres, but 
since the Zone centres are in the larger cities which, having large 
populations, originate and receive correspondingly large amounts 
of traffic, the introduction of 2VF signalling did enable the 
increasing traffic to be handled without so large an increase of 
operating force as would otherwise have been necessary. Acall 
can now be dialled by the Zone operator to a subscriber on an 
automatic exchange within dialling range of the distant Zone 
exchange; e.g. a call originating at an exchange in the west of 
Scotland can be dialled by the Glasgow operator to a subscriber 
on an automatic exchange in or near Birmingham, and it is not 
necessary to call in a Birmingham operator. Similarly, Birming- 
ham operators can dial subscribers’ numbers in London, Glasgow, 
Manchester, Leeds, Bristol and other Zone centres. 

Since the 1939-45 War the 2VF equipment has been further 
developed, and the later form is suitable for use on circuits in 
tandem. With this development and as automatic trunk 
exchanges are installed it will be possible for the operator at 
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the originating end to set up a trunk call by dialling through the 
trunk exchanges en route and also to dial the wanted subscriber’s 
number if the target exchange is automatic. Consider, for example, 
a call from Holmes Chapel in Cheshire to Whitstable in Kent 
when the Birmingham automatic trunk exchange is in service. 
The originating subscriber will dial ‘O’ and (there is no operator 
at Holmes Chapel) the equipment will automatically connect to 
the switchboard at Crewe: the Crewe operator will dial through 
the Birmingham trunk exchange for London, through the 
London trunk exchange for Canterbury, through Canterbury 
exchange for Whitstable, and will then dial the wanted number. 
Only one operator will have been required to set up the call. 
As automatic exchanges are opened at other Zone centres and 
the necessary equipment is installed at Group centres, the range 
of dialling over the trunk system will be increased until all 
exchanges can be reached in this way. The total amount of 
plant to be installed is very considerable. The installation at 
Birmingham is costing over a million pounds, and even so the 
forecast of traffic indicates that the exchange will have to be 
enlarged in a few years’ time. Although the installations in 
Group centres are smaller than those in Zone centres, there are, 
of course, many more Groups than Zones. 

The next stage in converting the system to fully automatic 
working will be to make it unnecessary for even one operator to 
come into circuit but to provide for the caller to dial his call 
right through. JI must assume, of course, that both the terminal 
exchanges are automatic and that the necessary equipment has 
been installed at the intermediate Zone and Group centres. 
There will, however, be required some additional equipment at 
the originating end to route the call and to measure the charge. 

To explain the routing requirement let us consider again the 
example of a call from Holmes Chapel to Whitstable. When the 
operator dialled the call she (or he) needed to know what to 
dial in order to position a Birmingham switch on a London 
circuit, then to position a London switch on a Canterbury 
circuit, then a Canterbury switch on a Whitstable circuit. This 
information is given in files which show the routings for calls, 
and such files are provided for operators at all exchanges. The 
files differ from one exchange to another because the routing 
from, say, Bournemouth to Canterbury is different from that 
from Crewe to Canterbury, but an operator serving in a particular 
exchange needs only the file for that exchange. If subscribers 
who are to dial their own trunk calls were to use similar routing 
files they would need, not only the file for their home exchange, 
but also files for other places that they might visit; and additions 
would have to be made from time to time as new automatic 
trunk exchanges were opened. The arrangements will be very 
much simplified by giving a number to each exchange in the 
country so that the subscriber may dial the number of the 
exchange that he wants followed by the number of the subscriber 
on that exchange. Equipment will have to be installed to register 
the digits dialled and to translate those digits that constitute the 
number of the required exchange into whatever routing digits 
may be required to take up circuits and establish a connection 
to that exchange. The function of this register-translator will 
be very similar to that of the equipment now used in the larger 
cities to receive the three ‘letters’ of the exchange name and 
route the call. The equipment for trunk dialling will also need 
to store the digits of the wanted subscriber’s number, as the 
present equipment in the large cities does, until the connection 
has been set up to the wanted exchange and will then repeat 
them into the distant exchange equipment. 

To establish the charge for a trunk call that is set up manually 
the operator makes out a ticket showing the calling subscriber’s 
number and the details of the call. The charge to be made 
depends on the distance between the terminal exchanges and on 


the time that the call lasts. It would be practicable to construct 
apparatus to produce similar tickets automatically, but this 
would be complicated and costly. The register-translator, which, 
as I have already mentioned, will set up the routing of the call, 
must receive the digits dialled, and as the first few digits will 
indicate the wanted exchange (and thereby the distance), this 
equipment can determine the rate for the call. When it has 
routed the call, has sent forward the remaining digits and has 
signalled to recording apparatus the rate of charge, the register- 
translator can be released and become available for another call. 
The recording apparatus must remain in circuit to record the 
total charge, which depends on the time the call lasts. 
Before subscribers on a given exchange can dial their own ~ 
trunk calls the automatic switchgear must be provided at the 
trunk centre and the register-translators must be installed; and 
for reasons of manufacturing capacity, installation capacity and 
expense it will be possible to make the facility available only by 
a gradual process. Equally, the number of exchanges that can” 
be dialled will be limited at first and will increase as further 
installations are completed. The change must necessarily be 
spread over a number of years, and to make the whole system 
automatic we must also convert to automatic working the 1 200 
local exchanges that are at present manual. Although operators 
will not then be required for setting up trunk calls, the operator 
will not disappear from the telephone organization. He (or, 
more generally, she) will be required for assistance and inquiry 
calls, and it should be remembered that the amount of this traffic 
will be related to a much increased total of trunk traffic. In 
fact, if all the trunk traffic expected in the future had to be set 
up manually the operating force required would represent a 
serious drain on the national resources. In the same way that. 
the growth up to now could hardly have been achieved on 
open-wire routes and has become a practical possibility by 
reason of the development of the cable routes, so the growth 
expected in the future could hardly be achieved if operating were 
to be continued on a manual basis. 
Papers have already been read and others will certainly be’ 
read in future to describe the methods and the equipment used. 
in these developments, and I have given only an overall review 
of what has been done and what is intended. It will be clear - 
that the introduction of automatic working in the telephone 
trunk network results from and requires the use of a number of 
techniques; particularly it requires the co-operation of trans- 
mission engineers and switching engineers. Co-operation 
between men engaged in different fields of activity is indeed a 
necessity in every large project. The whole field of engineering 
development is very wide, for many years three major engineering 
Institutions have dealt with different parts of it, and within our 
own Institution Specialized Sections have been set up as electrical 
engineering has become more diversified. It is important tha 
specialization should be provided for and encouraged, since to 
achieve the major advances in knowledge, design and develop- 
ment we need engineers who specialize closely. It is also impor-. 
tant to ensure co-operation and to provide for co-ordination in 
the larger projects, and therefore the industry also needs men 
to appreciate the problems in several fields. We must all 
specialize to some degree, whether more closely or less, but as 
the Institution programmes both of the Centres and of the 
Groups are varied within their fields, they do enable us to 
enlarge the area of common ground that we share with others. 
provided that we do not limit our attention only to those meeting 
dealing with the work on which we are already engaged. It is, 
of course, essential that there should be some common ground. 
from which co-operation can start, and as we all know it is 


essential that we should co-operate in order to get the maximu 
development. 
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By L. G. A. SIMS, D.Sc., Ph.D., Member. 


‘NOT WITHOUT HONOUR—A CONTEMPLATION OF UNIVERSITY, COLLEGE OF TECHNOLOGY 
AND STUDENT MEMBERS’ 


(Asstract of Address delivered at PORTSMOUTH, 2nd October, 1957.) 


I should like to use for my Address the theme of engineering 
ucation and to review the functions of university and technical 
liege as they appear after a period of renewed evolution. There 
© now the new Colleges of Advanced Technology, with their 
month sandwich diploma courses, and the new Regional 
nileges of Technology. These represent changes in the picture 
higher education and perhaps call for some re-appraisal of 
sition by university applied science departments. 
In speculating upon future university developments, I must 
ake it clear that no official university policy is implied by my 
gestions. 
A successful approach to communication, to the teaching of 
idents, is to work almost exclusively in contact with them. 
us makes the teacher an artist in the interpretation of syllabuses 
d regulations, both of his own college and of the many 
ternal examining bodies. My thoughts are with numerous 
st and present colleagues whose teaching abilities justify that 
scription. Some of the colleges whose routine is served best 
this system have now been promoted to overcome the nation’s 
esent shortage of technologists. These are the new Colleges 
Advanced Technology. There are also the newly-termed 
sgional Colleges of Technology, and finally there are the 
neral technical colleges, some of which are large, with modern 
ildings, and with good staffs and equipment. 
In all these colleges the emphasis is upon teaching, though 
t to the exclusion of research. The banner of their pride wears 
> legend: ‘This communication of knowledge is important.’ 
In the universities the authorities place emphasis upon 
sidence and research. This means both experimental research 
d research which is concerned with reading and the exercise 
the mind. These forms are needed if some university students 
> to be inspired by professors, lecturers and tutors to ascend 
the highest peaks of thought, to discern new lands and to 
ite their names later as discoverers in the long story of man’s 
hievement. We think, therefore, that every university engineer- 
cher should spend appreciable time upon scholarly pursuits, 
luding study abroad, and that he should be provided with 
»dern equipment and with extensive library facilities. His work 
auld be ‘predominantly intellectual and varied’. The dis- 
guished academic colleagues with whom I have worked, and 
ll have the pleasure to work, would endorse that opinion. An 
mosphere is provided thereby which lies about the student and 
tly enables him to unfold, develop and flourish. 
University academic staff exercise the privilege of entrusting 
earch projects to the hands of their graduates, sometimes 
der Government contract, and of recommending those 
iduates, when successful, for research degrees (also called 
sher degrees). ; 
[= the university itself and in its halls of residence, engineer- 
duates and undergraduates enjoy the company and ideas of 
dents from other faculties, such as those of science, arts, 
‘ology, economics and law. But student social life to-day is 
exclusive to universities than was formerly the case, due to 
«rowing residential aspect of other colleges, and indeed not 
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only to that. Most large engineering firms have taken over fine 
old country houses as residences for their various grades of 
apprentice. Names such as Coombe Abbey, Coton House and 
Castle Bromwich Hall come to mind. In fact the engineering 
industry is housing its young people not only in hostels and halls 
of residence but in the stately homes of England. 

Sandwich Courses in Electrical Engineering —There is now a 
form of entrance to Southampton University and its electrical 
engineering courses, called the thick sandwich or 1-3-1 scheme, 
in which combined studies are made available by the University 
and various branches of industry. It combines academic educa- 
tion with industrial training. One superimposes this scheme upon 
the University’s traditional pattern of education for electrical 
engineers by giving the sandwich a thick filling which is in fact 
the full-time three-year degree course. We adopt and adapt 
earlier systems (consisting, for instance, of a vacation year in 
industry between school and the University) and make of them a 
complete five-year course of education and training. Variations 
of the 1-3-1 scheme are possible, without disturbing funda- 
mentally the timetable routine of the University. The training 
curricula of these sandwich courses are at present wholly in the 
hands of our industrial friends. 

This development in combined university education and 
electrical works-training is now on trial, and it is early to judge 
its results against those of the direct-entry system. We expect 
that the latter will always be required, because enlightened 
industry looks for a certain number of young graduates who will 
challenge current works procedure and desire to introduce new 
ideas. That is presumably most likely to happen with a few of 
the more gifted direct-entry graduates, because they will not have 
experienced any previous industrial influence. 

On the other hand, I have heard a leader in industry state 
fairly recently, and repeat, that he prefers young men who are 
primarily works apprentices, who have gained their academic en- 
gineering education concurrently by some form of part-time study. 

It is assumed that university sandwich courses improve upon 
that point of view, even though not complying literally with it. 

University and industry at present fix their own curricula for 
such courses independently, the one in education, the other in 
training, but it may prove advantageous, at some future time, 
to introduce a measure of joint consultation. In the meantime, 
industry gives encouragement to the university sandwich experi- 
ments and has proved eager to help, whenever and wherever 
consulted. Joint consultation between university and industry 
could open wider the door to co-operation between firms, in 
the national interest, and to inter-firm student training, where 
that is desirable. Southampton University, on its part, already 
shows its keen interest in the students during their works train- 
ing, by tutorial visits. 

We have also a means of entry for the best examinees amongst 
young men after success in H.M. Dockyard Schools examina- 
tions or after their Ordinary Nationai Certificate year. It is 
called ‘industrial entry’. It meets the needs of those who have 
not come solely by ‘A’ level results in the G.C.E. examinations. 

The Arts Graduate in Industry.—It is important that the re- 
turns for 1955-56 of the University Grants Committee (if a recent 
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statement about them has been interpreted correctly) show 
43% of all university students as occupied in the arts, apainst 
21°% in the pure sciences and only 13% in the technologies. ! 
Clearly there is room for a point of view in which industry 
employs arts graduates. 

The picture of a place in industry for the arts graduate is 
illuminated by information supplied by a works education and 
training department, about some of their arts recruits, who, it is 
stated, start work in the training drawing office and training 
workshop. After the first six months they go into departments 
dealing with organization of various types, but factory depart- 
ments are not likely to form a very significant part of the training. 
They have the opportunity of studying one day a week to give 
them some scientific background, ‘but there is no intention 
whatever of turning them into engineers’. 

Nevertheless, it could hardly be regarded with equanimity if 
young non-engineering people entering engineering firms and 
not carrying any direct engineering responsibility should gravitate 
—or levitate—into many of the senior administrative posts. 
There is perhaps a tendency to regard an arts education as 
suiting a man for government and a science education as fitting 
the other man for the back room only.” 

History and Philosophy of Science in Engineering Courses.— 
Perhaps one may refer briefly to the inclusion of some study of 
the philosophy of life and nature in engineering teaching. 

The best time to inculcate the idea of a ‘wisdom of the past’ 
in the mind of the young engineer is during his schooldays, and 
a broad thread of historic and humanistic outlook should con- 
tinue thereafter during his university career. It is for that reason 
that a close tie with classical physics as well as with modern 
physics is desirable at the university. This can be accomplished 
by introducing a special subject, called, for instance, ‘history of 


science’.3-4 But experience makes me doubt whether it is 
attractive to students and, if not, whether it can be wholly 
successful. On the other hand, a well-conceived course of study 


in the broad field of physical-engineering measurement provides 
an opportunity of discussing the pioneer work in physics and 
engineering and the personalities of the pioneers, many of whom 
were great characters. In addition, it continues the fundamental 
electricity and magnetism and is appropriate to all electrical 
engineering students. Good students re-live in their own 
laboratories some of the difficulties and triumphs which men 
like Kelvin, Clerk Maxwell, Latimer Clark, and other intellectual 
scientists of the nineteenth century experienced when establishing 
the theory and practice of accurate electrical measurement. 
Precise measurement in engineering is remarkably stimulating 
and self-rewarding to students and represents in their minds an 
approach to ultimate perfection. . 

Longer Engineering Courses.—In face of the advancing front 
of scientific knowledge the academician to-day finds it a great 
question how much he should attempt to impart to engineering 
students in a three-year university course. It may well be that 
the limits of the present three-year courses have already been 
reached, although a device exists, a palliative, used in the 
engineering courses at Southampton and elsewhere, namely that 
of dividing the engineering course into fast and slow courses 
at the end of a common first year. The fast course reaches 
honours standard in three years and the slow course is of the 
same duration but has less academic content and is for students 
of average ability. It leads to an ordinary pass degree and has 
an advantage in that more time is available for class exercises 
and examples. 

In electrical engineering it is at least debatable whether the 
fast honours course, though well-conceived originally, still covers 
sufficient ground to prepare university honours students for the 
more recent forms of modern industry. 


Another palliative is to emphasize certain electrical subjects 
more than others, by subdividing the honours men into two 
streams, for example those who select power studies and those 
who prefer electronics. 

Now subdivision of electrical engineering instruction should 
only be carried a short distance, at least in a university of 
moderate size, and I should therefore like to make the perhaps 
unexpected suggestion that still larger first-year university 
engineering classes should be contemplated. ‘| 

At the end of the first university year, it would be assumed 
that examination results then gave a true picture of the developed 
schoolboy, and the universities could divide the first-year group 
into two or more sections, selected upon examination marks, 
It would be easy to say that this procedure would divide the men 
into sheep and goats, but that phrase is no longer considered 
to be realistic. The goats are no longer unutterable, but represent 
valuable junior engineer personnel whose abilities are matched 
to some other form of engineering education, perhaps to the 
three-subject curricula of the National Certificate schemes, — 
beginning perhaps at the A.1 stage and finishing with a Higher 
National Certificate. The further goal of Part III of the 
new Institution Examination, with Associate Membership to 
follow, should be regarded as attainable by the best of these 
students. This principle of dealing with the lower-half groups 
amounts to limiting the range of studies but maintaining a high 
standard. 

We have considered ‘fast’ and ‘slow’ courses. The logic of 
developments, having regard to the present state of scientific 
knowledge, is to consider ‘long’ courses. These could be 
basically of two forms, the first an extension of the present 
three-year honours course, through what is now known as post. 
graduate study. For these developments, some temporary 
industrial restraint in recruitment and some industrial finance 
might be needed. 

British long courses of four, eventually of four and a half or 
even five years’ duration, could excel the engineer-diploma courses 
of the Continent. But only those students who proved them: 
selves able enough academically to benefit from the long courses 
fully would be drafted into such advanced studies. 

The Master of Science Degree-—The custom in British uni 
versities hitherto has been to set the three-year graduate or 
bachelor, who is seeking a year’s further study, an experi- 
mental problem in which both theory and experiment are 
involved. This Master of Science course includes staff super- 
vision but probably no lectures, over a period of at least one 
year, but latterly the inducements offered by industry have taker 
away most young graduates at the first-degree stage: in many 
cases this is to be deplored. A revival and some further 
development in the M.Sc. form of study for fourth-year engineer 
students is desirable. For many university students it is still a 
good finish to their academic work and it does not keep them 
too long from industry. 

But new ‘long’ courses reaching the present post-graduate 
theoretical levels of the largest engineering schools should also 
become a regular part of all university engineering education. 
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EAST-ANGLIAN SUB-CENTRE: CHAIRMAN’S ADDRESS © 
By G. E. MIDDLETON, M.A., Member. 
‘EDUCATION FOR ENGINEERS’ 
(Asstract of Address delivered at Norwicu, 7th October, 1957.) 


My justification for an address on this hackneyed subject is that 
: a teacher I enjoy confidences from pupils, parents and indus- 
ialists which are often very revealing. By engineers I mean 
hartered Engineers, and of their importance in to-day’s society 
ere is No doubt, but perhaps because their standards are deter- 
ined by reference to facts and not to opinions, these engineers 
-e not always properly understood as persons in social life. The 
agineer’s scientific methods give him confidence in his own 
ipabilities, and this sometimes leads to arrogance but more often 
» an understanding humility. 
| Education I feel has three broad aims: to teach understanding 
* life as a whole; to foster genius; and to make a man useful. 
o achieve understanding is a very personal task, and many 
ise men have given us glimpses of greatness throughout the 
zes. I would only emphasize here that true education must 
-avide ready access to books of all kinds, and, particularly for 
agineers from their earliest years, access to men of affairs. 
mgineering is a live activity, and its special ideas are better 
veloped by active interchanges between people. Older engi- 
sers should go out of their way to reach intimate understanding 
ith the younger, so passing on some of their philosophies at 
‘st hand to the developing generation. Education is for the 
aprovement of individual capabilities, and the encouragement 
* genuine interests, not the imparting of set ideas through 
'termediaries. 
To foster genius is vital for our country’s future; my belief is 
-at our finest national contribution to affairs is originality. We 
mnot, then, copy foreign methods, however streamlined and 
Kicient they may be. When a teacher recognizes even a little 
enius in his pupil he should refrain from inflicting routine tasks 
ad unnecessary exercises, and he should actively encourage his 
ipil’s special bents. Academic discipline should be used only 
' guide zestful energy, not be made an excuse for quotas of 
ritten work. 
An engineer, by definition, is a useful man. He thus has to 
arn words and techniques in a wide range so that he can deal 
ith likely situations. His education must include a wealth of 
tablished material, but this should not overwhelm his teaching. 
\rmal technical education is well provided for in this country, 
ad we have enthusiastic teachers in all industrial areas. Most 
lleges I have come across have, however, proclaimed syllabuses 
hich are far too ambitious for most pupils, and for them learning 
too much of stark fact and bare routine. The pupils appear not 
have time to do any critical thinking, nor are they encouraged 
do any for examination purposes. Colleges could well review 
eir work, trying less stereotyped questions in their papers, and 
aching—even re-teaching—more examples of sound principles 
an of direct applications, especially in the courses for Higher 
ational Certificates. 
It is, however, at graduate level that so much more could be 
yne by industry. Graduates are already trained for quicker 
ysreciation of ideas than ordinary apprentices, yet so many are 
strated by slow and unimaginative time-tables. In a paper! 
exented to The Institution of Mechanical Engineers recently, 
e authors describe techniques which were so successfully 
plied to groups of undergraduates in factory courses that very 
ef il and stimulating results were obtained. The enthusiasm 
nerated was most striking. The same paper contains a 


a Mr. Middleton is a Lecturer in Engineering at the University of Cambridge. 


searching analysis of the special attributes of graduates, and this 
should provide food for thought in those responsible for their 
training. Too many firms appear to waste bright men—and not 
only apprentices—in dull and discouraging tasks, and much could 
be done to relieve the shortage of technologists by encouraging 
and trusting the young men in responsibility. 

One excellent way of developing a young engineer is by pro- 
viding tutors in industry who can offer guidance and experience 
within the live environment of manufacture and research. Too 
many of our best students spend extra years at a university 
carrying out restricted research investigations which lack the life 
or urgency of the corresponding industrial problems. The 
university’s function is to provide a three years’ basis for future 
mental development, but more time than this is often devitalizing 
for the engineer. Where industry is prepared to be generous 
with tutorial time, the young graduates can tackle responsible 
problems and obtain useful answers in cases whose unusual 
nature makes them an embarrassment to the time of the regular 
staff of busy men. In Cambridge we have first-hand knowledge 
of many firms in which apprentices under guidance have con- 
ducted urgent technical investigations very successfully, and so 
have obtained a much deeper experience of practical realities 
than formalized training would give. Money spent on such 
tutorial effort is to my mind better spent than on increased 
stipends for teachers of young students who are without any 
knowledge of realities or of the complexity of real situations. An 
extension of this tutorial effort could be made to provide some 
new degree, or such distinction, for high-grade intellectual work 
carried out in the industrial context. This would offset the 
temptation now presented to young men to spend too long a 
period in the soft atmosphere of a teaching establishment purely 
to obtain a higher degree in the hope of impressing a prospective 
employer. Only a few men have the imagination which pro- 
duces its results in academic isolation; most brilliant engineers 
have minds which are stimulated and developed best by fast- 
moving, vital and creative work in a good firm. 

I have been reading a recent biography? of Brunel, the engineer. 
His father was able to give him the finest education available in 
the 1820’s, and young Brunel was accordingly taken from school 
at the age of 14 to go to what might be termed a high school. 
By the time he was 16 he had completed his schooling and a good 
apprenticeship as well. He became engineer-in-charge of con- 
struction of the first Thames tunnel at the age of 20, and he was 
coping with a succession of crises of the sort which would daunt 
many a modern engineer. Where, in all the tidy and over- 
comprehensive schemes of to-day, could we discover and foster 
a man of such abilities? Let our teachers and tutors beware 
of losing the diamonds in the mass-flow curricula of our schools. 
Let us not forget that in giving too much instruction we stifle 
originality, elegance and fun, and all these factors are vital to 
man if he is to be worth while. 
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SUMMARY 


Measurements of the absorption of waves travelling between Slough 
and Inverness (740 km), and reflected once from the E-region during 
the process, are compared with similar measurements made simulta- 
neously for vertical incidence at Slough. The absorption over the 
oblique path, calculated by Martyn’s absorption theorem from the 
value obtained at vertical incidence, was found to be much too low. 
Approximately correct values are obtained from the formula for 
non-deviative absorption, provided that the lowest-frequency (2 Mc/s) 
vertical-incidence results are used: otherwise the oblique-incidence 
value is too high. It is therefore considered tentatively that the 
absorption measurements which have been made for many years past 
at 2 Mc/s, using vertical-incidence reflections at Slough, might prove 
to be a useful guide to the absorption likely to be obtained over 
other oblique E-region paths during any part of the sunspot cycle, 
and they have been formulated accordingly. The anomalous variation 
of absorption which occurs during winter in high latitudes is also 
considered. 

The additional transmitter power required, as a consequence of 
fading, to enable a desired signal level at the receiver input to be 
exceeded for given percentages of the time is discussed, and a method 
of calculating losses due to polarization changes brought about by 
magneto-ionic splitting is indicated. 


(1) INTRODUCTION 


The paper is intended primarily as a contribution to the 
problem of calculating the attenuation likely to be obtained 
over ionospheric paths from absorption measurements made 
at vertical and oblique incidence, with particular reference to 
one-hop E-region trajectories at frequencies of, say, 1 -5-15 Mc/s. 
Some new experimental results of absorption measurements are 
incorporated in the paper, and these, together with absorption 
data already existing, are expressed in tentative empirical 
formulae to enable estimates of field strength and fading to be 
made for short paths. 

Measurements of absorption on short paths have been made 
before by, for example, Piggott and Beynon,! and Allcock,’ all 
of whom concentrated primarily on F-region trajectories. The 
series of measurements incorporated in the present paper, 
however, involves E-region trajectories. This has two advan- 
tages: the possibility of losses due to partial reflections!>3 is 
remote, and the obliquity obtainable is greater since the height 
of reflection is lower. Hence there seemed a better prospect of 
testing the validity of Martyn’s absorption theorem (which 
expresses oblique in terms of vertical-incidence absorption) on a 
given short path than would be obtained by using F-region 
measurements. Special measurements of the amplitude of 
pulses reflected from the E-region were therefore made at 
5-1 Mc/s on a 740km north-south path between Slough and 
Inverness, and at 1-62Mc/s at vertical incidence at Slough, the 
latter frequency being near the Martyn equivalent value for the 
oblique path. Noon values of absorption at vertical incidence, 
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measured daily at Slough at a number of frequencies, are also 
examined from the point of view of testing the accuracy of the 
commonly-used formula for non-deviative absorption when 
applied to the oblique path. a 

It is well known that the great variations due to fading limit 
the accuracy with which measurements of absorption can be 
made, but little appears to have been published in the past giving 
details of the errors to be expected, so that difficulty is often 
experienced in assessing the validity of theories of comparison 
which are based on the measurements. A semi-empirica 
process for estimating errors due to fading has therefore been 
evolved and applied to the present data in another paper.* In 
that paper fading is considered to consist of rapid and slow 
components, since there appears to be both practical and 
theoretical justification for this step. 

The various factors required for calculating the attenuation 1 
short ionospheric paths will now be discussed under the following 
headings: spatial attenuation and losses due to magneto-ioni¢ 
ellipsing, absorption, and fading. 


(2) SPATIAL ATTENUATION AND LOSSES DUE TO 
MAGNETO-IONIC ELLIPSING 
Spatial attenuation is the component of path attenuation due 
to the expansion of the wavefront which occurs as the distance 
from the source is increased. For short ionospheric paths, 
when focusing due to the earth’s curvature is not great, this 
results in a power intensity in the wave which varies inversely as 
the square of the distance from the transmitter. The following 
approximate expression for spatial attenuation between matched 
aerials at the ends of a path of length d/A wavelengths is then 
obtained: 
(dA) 


A, = 00 nt 


This formula gives the ratio of power transmitted to maximum 
power received, where G, and G, are the power gains of the 
transmitting and receiving aerials, respectively, with respect to 
that of a half-wave dipole in free space, obtained in the appro: 
priate directions after allowing for earth reflections. 

When an electromagnetic wave enters the ionosphere it is 
resolved into two elliptically polarized components, the ordinary 
and extraordinary waves, which, for present purposes, may be 
regarded as being propagated independently through the medium. 
The extraordinary component is absorbed more than the ordi: 
nary at frequencies for which both are propagated, and so the 
transmitting aerial should ideally be designed to excite the 
ordinary component only, and the receiving aerial should couple 
in the optimum manner with the ordinary-wave ellipse incident 
upon it. However, this can rarely be done in practice, and losses 
then occur which can be estimated by the following general 
procedure. 

The radiation from the transmitting aerial will be assumed to 
be linearly (plane) polarized, and of intensity E. It is possible 
to resolve the vector E into a pair of contra-rotating elliptically 
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larized vectors” contained within the wavefront, of equal 
sentricity but with major axes E,, and E.q at right angles, 
cording to the formulae 


Fog = Ex/(cos? 6 + R? sin? 6/1 + R2) (2) 
Eeq = Ev/(sin? 0 + R? cos A)/(1 + R?) (3) 


vere R is any desired minor/major axis ratio, and @ is any 
sired angle between the directions E,, and E, subject to the 
servation that £,, and E lie in the plane of the wavefront. 

if now 0 is made the angle between the plane-polarized 
stor E and the component of the earth’s magnetic field lying 
the plane of the wavefront at the base of the ionosphere, and 
Satisfies the approximate magneto-ionic condition5 


R=/( + 4rsine tan e) — 47sinec tane (4) 
> two ellipses become, respectively, the ordinary and extra- 
djinary components corresponding to the limiting polarization5 
the base of the ionosphere. 7 is the ratio of gyro-frequency 
‘wave frequency, and « is the angle between the ray direction 
id the earth’s magnetic field. 
&,, and E,, are then, respectively, the amplitudes of the major 
23 of the ordinary and extraordinary ellipses, as excited by the 
rticular transmitting aerials used. The major axis of the 
dinary ellipse lies in the plane containing the directions of the 
“tes magnetic field and the ray. 
fhe ordinary- and extraordinary-wave ellipses are then propa- 
ted independently through the ionosphere, the eccentricity of 
sh changing as the inclination of the ray path to the direction 
the earth’s field alters. However, the energy content of each 
ipse, after allowing for losses due to absorption and spatial 
enuation, must remain constant, which means that the size 
d shape of each ellipse can alter only in such a way that the 
n of the squares of the major and minor axes remains fixed. 
the minor/major axis ratio on leaving the ionosphere is 
termined by a further application of eqn. (4), the final size 
d shape of the (unattenuated) field ellipses arriving at the 
seiving aerial can then be calculated, the major axis of the 
jinary-wave ellipse again lying in the plane containing the 
ection of the earth’s magnetic field and the downgoing ray. 
e response of the receiving aerial to the ordinary (or extra- 
jinary) wave incident upon it can then also be calculated, and 
mpared with the value which would have been obtained had 
> aerial been designed to pick up all the energy available. 
The foregoing will now be applied to E-region transmission 
m Slough to Inverness at the frequency of 5:1Mc/s. This 
th is practically north-south, and will be taken as lying entirely 
hin the magnetic meridian; consequently the ordinary-ray 
pse on the Slough side will be polarized with the major 
s E,, in the vertical plane. A vertical aerial was used at 
ugh, so that 6 =0. Other data for the wave incident on 
: Slough side are: T = 0-26, « = 85°, R = 0°33. 
since E,, is in the vertical plane with R = 0-33, the ordinary 
-is predominantly vertically polarized; had € been 90° it would 
ve been entirely so. From eqns. (2) and (3), E,, =90-9E, 
ie, = 0:3E. , 
Sor the wave leaving the ionosphere on the Inverness side, 
= 0:26, « = 53° and R = 0:87. The vertical and horizontal 
weonents of the (unattenuated) ordinary ray arriving at 
rness are then 0:72E and 0-628, respectively, the corre- 
wding extraordinary components being 0:21E and 0-24. 
herizontally polarized receiving aerial was used at Inverness, 
hat the voltage induced into it by the ordinary ray would be 
2 times the value calculated from the free-space attenuation 
mula (1). This represents a loss of 4 dB. 
Phe gains G, and G, for the aerials used were estimated to be 


—0:4dB and —14dB, respectively, for the appropriate angle of 
incidence. This can usually be calculated with sufficient 
accuracy by assuming specular reflection to occur at a height of 
100km for reflections from the E-region. The component of 
path attenuation due to spatial attenuation and polarization 
changes is then 105dB. It is interesting to note that, if a 
horizontal transmitting aerial had been used at Slough, an 
additional loss due to polarization changes of at least 10dB 
would have been incurred. 

If this calculation were performed for the reverse direction, 
the same result for the transmission loss of each magneto-ionic 
component would be obtained; the ordinary wave downcoming 
to Slough would then, of course, be predominantly vertically 
polarized. 


(3) ABSORPTION 


(3.1) Some Measurements at Oblique and Vertical Incidence 


Measurements of the relative field strength of one-hop 
E-region reflections obtained at Slough from a pulse transmitter 
in Inverness operating at 5-1Mc/s have been analysed in 
Reference 4. Measurements were also obtained for the reverse 
direction. The absorption at noon calculated from the ratio of 
noon to night-time* r.m.s. field-strength measurements was 
estimated to be about 29dB, with a 99% probability of this 
estimate lying within limits of 25 and 40dB. These limits are 
asymmetrical because the analysis implies a fading echo which 
obeys a Rice distribution rather than a log-normal one. The 
asymmetry becomes less pronounced, however, as the confidence 
limits are lowered below 99%. 

The diurnal variation of the mean absorption is assumed to 
obey the usual non-deviative law 


A; = A secicos"X/(f + f,)* decibels . (5) 


where 


A; = Absorption at incidence angle i, dB. 

A= Absorption at vertical incidence for f/+/, = 1, 
dB x (Mc/s). 

ft = Wave frequency, Mc/s. 

1, = Gyro-frequency corresponding to the (longitudinal) 
component of the earth’s magnetic field resolved 
along the ray path. 

X = Solar zenith angle. 

i = Angle of incidence of the trajectory at the base of the 
ionosphere, and is the complement of the angle of 
elevation at the ground for a flat earth. 


A plot of log A; versus log cos X produces a straight line of 
slope n, which was found to be in the vicinity of 0-6 for the data 
used. The constant A was found to be 310 with i= 16°. It 
should be remarked that these values relate to the smoothed 
diurnal curve in Fig. 4 of Reference 4. A different method of 
smoothing could lead to different values, especially of the 
index n. Fortunately, variation of the latter is not of much 
practical importance, since its greatest effect is at large values 
of X, where the absorption is least. 

The transmission loss measured for the path Inverness-Slough 
was estimated to be 136dB, and 140dB for the reverse direction 
between the same aerials. Bearing in mind the limitation in 
accuracy brought about by the variation due to fading and by 
instrumental errors (estimated at +5dB), the 4dB difference 
between these two values is not significant; the paths cannot be 
said to have been non-reciprocal to this extent. A mean value 
of 138 dB will therefore be adopted. 

As the unabsorbed value calculated in Section 2 was found to 


* The unabsorbed field strength at night is difficult to estimate, but see the remarks 
in Section 5 of Reference 4. 
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be 105dB, the absorption at noon implied by the absolute 
measurements of transmission loss is 33dB. This compared 
favourably with the value of 29dB obtained from relative 
absorption measurements. 

Simultaneous measurements were obtained for vertical 
incidence at Slough at a frequency of 1:62Mc/s, which is in the 
vicinity of 1:4Mc/s, the frequency equivalent for one-hop 
E-reflection to the value of 5:1Mc/s used on the Slough— 
Inverness path. These results are also analysed in Reference 4. 
A statistical analysis of the amplitude variation (fading) showed 
that there was a 99% probability of the absorption for noon 
over the period considered lying between limits of 30 and 46 dB, 
with a probable value near 34 dB. 

The diurnal variation was examined in the same way as for 
oblique incidence and it was found that A = 290 and n = 0:6. 


(3.2) Comparison between the Results for Oblique and Vertical 
Incidence 


It is conventional to calculate the absorption to be expected 
on an oblique path from results measured for vertical incidence 
by applying either the non-deviative formula (5) or Martyn’s 
absorption theorem. The accuracy of these methods will now 
be tested by applying them to the measurements described 
in Section 3.1. 

The validity of eqn. (5), which assumes all absorption to be 
non-deviative in character, is discussed in Reference 6, where 
magneto-ionic calculations indicate that deviative absorption 
cannot in general be neglected compared with the non-deviative, 
even at low frequencies, the effect being that the absorption at 
oblique incidence calculated from vertical-incidence values by 
eqn. (5) tends to be too high. This means that the value of A 
in eqn. (5) calculated from oblique-incidence measurements 
should be lower for the same ionospheric conditions than 
that calculated from vertical-incidence measurements. How- 
ever, this is not so in the present case, since the values are 
310 and 290dB x (Mc/s)? for oblique and vertical incidence, 
respectively. This difference is not, however, significant, 
bearing in mind the spread of the 99 % confidence limits assigned 
to the absorption figures from which the values of A were 
calculated, and corresponds to a difference of 2:5dB at vertical 
incidence at the frequency of 1:62Mc/s. Evidently the measure- 
ments described in the present paper cannot be regarded as 
testing the accuracy of eqn. (5), since variability due to fading 
is too great. Oblique-incidence measurements made at lower 
frequencies on the same path, or measurements on longer paths, 
would be needed to settle this point. 

It is, however, instructive to discuss the routine vertical- 
incidence absorption measurements, made at Slough at noon 
daily, in this context. The frequency range covered by these 
measurements is 2-4-8Mc/s. Monthly means of noon values 
of A at each frequency for May, June and July, 1954, covering 
the period of the measurements described in this Section, 
were taken. They are given in Table 1 below, together with the 
values of absorption calculated from them for the Slough-— 
Inverness path using eqn. (5). 

The standard correction’ allows for the deviative absorption 
introduced in the vicinity of the critical frequency of the E-region, 
around 3-2Mc/s in this case. It was calculated assuming a 
parabolic layer with no magnetic field due to the earth. 

Except for the 2-0 Mc/s case, and possibly for 2-4 Mc/s also, 
it is quite clear that the values of absorption calculated for the 
oblique path are appreciably too high. It should be pointed 
out here that the overall A figures published’ from Slough data 
are weighted in favour of the lower-frequency measurements, so 
that the discrepancy when using them is not likely to be as great 
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Table 1 


ABSORPTION ON SLOUGH-INVERNESS PATH TO BE EXPECTED 
FROM APPLYING THE NON-DEVIATIVE ABSORPTION FORMULA 
TO VERTICAL-INCIDENCE MEASUREMENTS (1954) 


| 
Absorption 


Gunes Standard | calculated | 
Frequency A correction} 5.1 Mc/s 
to A Slough- | 
May June July Mean Inverness ) 
Mc/s | dB | dB | eB’) 6B | yBigsl Qin?) dB : 
2:0 29:8 | 28-4 | 30-1 | 29-4 322 0 34-1 
2°4 2522) | 29:0) 29-1) 52728 392 —20 39-6 
2°8 25:9 | 30:4 | 24-6 | 26-1 466 —50 43:3 | 
Bz, PRS) | Bso7/ |p AA Cay || P2033 600 —0o = Ff 
4-0 Glee) |e fot Ne PALE): || al3ea7h 550 —60 52-0 =a 
4°8 15:1 | 18-1 | 16-3 | 16-4 646 —70 61:2 p 


as that suggested by Table 1; for instance, the values published 
for June and July, 1954, were 350 and 335, respectively. 


| 


It appears from the theoretical calculations of Reference 6, — 


however, that eqn. (5) should be valid for paths that are 
sufficiently oblique, since the proportion of deviative absorption 
appears to become less important as the path length is increased. 
This suggests that better accuracy would result if oblique paths 
were to be used as standards of comparison rather than vertical- 
incidence ones as at present. 
past because of greater instrumental complication, but it appears 


This has not been done in the 


to be desirable to do so if greater accuracy in forecasting — 


absorption and lowest usable frequencies is required. 

Martyn’s theorem can be stated as follows: if the effect of the 
earth’s magnetic field and curvature of the earth can be neglected, 
the absorption in decibels at frequency f at oblique incidence 
equals cos i times the absorption in decibels at frequency f cos i 
at vertical incidence, where i is the angle of incidence for the 
oblique path. The frequencies f and f cos i are said to be 
equivalent. 

From the present measurements made at a frequency of 


1-62 Mc/s at vertical incidence, the absorption at noon to be 


expected from Martyn’s theorem for the oblique equivalent 
frequency of 5-1 Mc/s is about 10dB, which is clearly greatly 
in error, since the measured result was almost certainly above 
25dB. A better result, 37dB, is obtained if the theorem is 
modified by omitting the cos i multiplying factor, as suggested 
by Beynon.!»3 However, the explanation advanced by him 
for F-reflections (losses due to partial reflections) is hardly 
tenable in this instance since the top of the trajectory is belo’ 

the level at which scattering due to E, normally occurs. How: 
ever, it has been shown elsewhere® that the presence of the 
earth’s magnetic field increases the absorption calculated for 
oblique incidence, and it therefore seems unwise to use the 
theorem in either form except as a very rough guide. 


(3.3) Extension of the Results to Other Paths and Periods of Time 
From the results of Section 3.1 it is probable that the formula 


A; = A sec icos!/2X/(f + f,)* decibels . . (@ 


will give the absorption suffered by an ordinary ray of frequency 
f megacycles per second at angle of incidence i (i > 70°) at 
solar zenith angle X. The quantity A has been found to be 
310dB x (Mc/s)? for summer at sunspot minimum, but the 
difficulty remains of predicting it for other seasons and period 

in the sunspot cycle. In particular, absorption, at least when 
measured at vertical incidence, appears to be anomalous during 
winter (November—March) in medium and high latitudes; during 


ds period it varies greatly in level from week to week and, 
mpared with eqn. (6), is too high on the average by an amount 
hich is nearly independent of position in the sunspot cycle. 

examination of published and unpublished vertical-incidence 
ta for 2Mc/s (at which frequency absorption calculated for 
blique incidence has been found to agree fairly closely with the 
easurements incorporated in the present paper) shows that A 
. eqn. (6) may be regarded as being increased during the period 
ovember—March by this effect, for Slough, according to the 
pirical formula 


AA, = (350 + 90) sin [11-2 (no. of weeks, + 16, 
beyond 1st November)]° (7) 


1% confidence limits are implied in this and succeeding 
rmulae where limits are given. 

_ As far as can be ascertained, the effect appears to be due to an 
ancement of the non-deviative absorption in the lower 
- or D-regions; consequently the vertical-incidence data from 
hich this and subsequent formulae are calculated should be 
pplicable to oblique incidence. 

' Very approximately, assuming that AA,, varies linearly with 
titude, eqn. (7) becomes 


Pa — (6:8 = 1-7)|(latitude °)| 
x sin [11-2 (no. of weeks beyond Ist November)]° (8) 


' ¥ariation of the normal (non-winter) absorption over the 
nspot cycle’ may be expressed, for a frequency of 2 Mc/s at 
ertical incidence, by the empirical formula 


|Ase = (160 + 20) 
x sin? [16-4 (no. of years beyond sunspot minimum)]° (9) 


' The overall variation between sunspot minimum and sunspot 
aaximum during summer and winter can be seen in Table 2 
2low. 


Table 2 
\ARIATION OF NOON ABSORPTION AT VERTICAL INCIDENCE AT 
2:0 Mc/s 
Absorption at sunspot minimum Absorption at sunspot maximum | 
dB dB 
1942 1943 1944 1946 1947 1948 
\May 31-6 30-0 | 
June 29-7 34:9 +33+3°5 
July 28105} alj35) 
Dec. 40:0 39-8 ) 
Jan. 34-6 29-4 $3347 
Feb. 28-4 26-4 } 


The winter effect can be seen particularly well for sunspot 
1inimum, when the mean winter absorption is practically the 
ume as the summer value. During the summer, most of the 
ariation between the absorption figures given in Table 2 can be 
tributed to sampling errors brought about by fading. During 
16 winter, however, increase of absorption due to the effect 
eaulated in eqn. (7) occurs, which causes some of the variation 
corded and elevates the mean and median values. 


(4) FADING 
The procedure described in Sections 2 and 3 will enable the 


ws. value of the fluctuating signal to be calculated, which 
yproximates to the mean or median value.4 Consequently a 
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level which is exceeded for only about 50% of the time will be 
obtained. This percentage is often inadequate for practical 
purposes, and additional transmitter power is needed to ensure 
that the required level is exceeded for a higher percentage of 
the time. A method of enabling this additional power to 
be estimated, based on the theoretical random statistics+ 
for a single-ray transmission, will now be indicated. The 
standard deviation o appropriate to rapid fading for vertical 
incidence (i = 0°) has been found* to be about 47% of the mean 
signal level, and a Rayleigh distribution is closely approached. 
The value for the Slough—Inverness path (i = 74°) at 5-1 Mc/s 
was 28°, and the effects are not likely to vary greatly with 
frequency. Insufficient data are available to calculate o as a 
function of angle of incidence for other paths, but it could 
be estimated for a particular path from the values just given. 
For the percentage value of o so obtained, the signal in 
decibels (relative to the r.m.s. value of the fading signal) 
which is actually exceeded for the desired percentage of the time 
can then be read directly from Fig. 1 of Reference 4. This 
number of decibels must be made up by additional transmitter 
power or aerial gain if the original r.m.s. value is to be exceeded 
for the same time. For example, an extra 18dB is required 
at vertical incidence to ensure that the rapid-fading effects are 
overcome for 99 °% of the time. 

In addition, variations due to slow fading* must be considered, 
a further 8 dB of transmitter power or aerial gain being required 
to ensure that the calculated level is exceeded for 99 % of the time. 
A distinction between rapid and slow fading is of practical 
importance, since the variation due to rapid fading can be 
greatly reduced by conventional diversity methods, whereas it is 
doubtful whether the effects of slow fading can be. It is probable 
that slow fading is due to ionospheric tilts, and Bramley? has 
found that the spacing between points on the tilting surface 
needs to be 50-100 km for the variation of tilt with time at these 
points to be uncorrelated, at least for F-reflections. If, by 
implication, the amplitude variations are also uncorrelated at 
such spacings, the effect of slow fades can only be reduced by 
diversity reception from points many kilometres apart. 


(5) CONCLUSIONS 


The results of some measurements of absorption and fading 
of ordinary rays, using pulses reflected once from the E-region, 
have been discussed and compared. The measurements were 
made at vertical incidence at Slough and at oblique incidence 
over the path between Slough and Inverness. 

Absorption calculated for oblique incidence by the ‘non- 
deviative’ formula from measurements made simultaneously at 
vertical incidence at frequencies between 1-6 and 4:8 Mc/s was 
on the whole too high, although the values calculated from the 
measurements made at 1-62 and 2-:0Mc/s agreed to within 
experimental accuracy. Martyn’s absorption theorem, on the 
other hand, gave results much too low, the accuracy being 
improved by omitting the cos i multiplying factor. These 
results appear to be in general agreement with the indications 
of Booker—Millington magneto-ionic theory. 

An attempt to generalize the application of the results to other 
E-region trajectories in, say, the frequency range 1-5-15 Mc/s, at 
different times of the year and sunspot cycle has been made by 
incorporating conclusions reached from routine absorption 
measurements which have been made at Slough at vertical 
incidence for many years. However, in the absence of further 
data the generalizations so made are tentative, and it is empha- 
sized that, if work of greater accuracy is required in the future, 
absorption should, in general, be calculated from measurements 
made on oblique paths, rather than from those made at vertical 
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incidence. Simultaneous vertical and oblique measurements 
might well be used, however, in obtaining results useful in 
ionospheric physics, and in separating deviative from non- 
deviative absorption. 
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SUMMARY 


he rapid and slow components of a fading signal are separated by 
mi-empirical process in which each component is, in turn, assumed 
consist of a steady or specularly reflected component with a random 
mponent added. The process is applied to some measurements of 
> amplitude of first-order reflections from the E-region at vertical 
1 oblique incidence on equivalent frequencies. The standard 
viation of the amplitude variation due to rapid fading was found to 
:greater at vertical than at oblique incidence, but insufficient evidence 
wet available to determine whether the variation due to slow fading 
‘s also greater. 

The accuracy of measurement of the smoothed value of field strength 
\defined as the range of values having a 99% chance of containing 
> correct value. On this basis, the accuracy of noon absorption, as 
culated from a single day’s observations at one frequency, has been 
inated to be about +4, —12 dB at vertical incidence and +4, —11dB 
oblique incidence. These limits are not symmetrically disposed 
ut the mean value, as is conventional in normal statistics, partly 
cause of the effect of the decibel scale, and partly owing to the 
aracteristics of deep fading. 


(1) INTRODUCTION 


it is well known that the field strength of pulses reflected from 
oarticular level in the ionosphere is subject to great amplitude 
viations, known as fading, which appear to be of two kinds, 
id and slow. These variations complicate the measurement 
(the average power loss due to electron collisions (absorption) 
‘fered by waves travelling through the ionosphere, since this 
volves estimating the steady value of the field strength which 
vuld have been obtained had no fading occurred. The absorp- 
‘n at a particular time of day is taken as the ratio of the 
‘oothed value of field strength occurring under conditions of 
:s-free transmission to that occurring at the time in question. 
‘is ratio is greater than unity and is usually expressed in 
sibels. 

The type of smoothing used is discussed in the paper and the 
curacy with which the smoothed value approaches the steady 
cue of field strength is assessed. In order to do this, a method 
separating rapid and slow fading is evolved. 

Although it is of importance in estimating how closely a 
rticular theory fits the measured results, little work on this 
ject appears to have been published, probably because of its 
angibility. The authors have themselves found difficulty in 
‘mulating the subject, and are conscious of some limitations 
the treatment which render it semi-empirical. 


(2) DETERMINATION OF STEADY AMPLITUDE FROM 
RAPID-FADING STATISTICS 

The period of rapid fading is usually between about 0:5 and 

sec, whereas that of slow fading is between 10min and one 

ur. or more. Both are here assumed to be random in 

acter, but to have different time-scales. Rapid fading is 
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considered to be due to irregular patches of ionization drifting 
across the ray path,! whilst the slow fading is due to alteration 
of curvature and tilt of the reflecting surface as a whole.?>3 

The discussion which follows in Sections 3 and 4 will deal 
primarily with the rapid fading. Slow fading will then be 
regarded, in Section 5, as causing the perturbations which remain 
when all the variation which might reasonably be expected from 
the rapid fading and change in absorption is removed. 

McNicol‘ considers that a rapidly fading echo may be regarded 
as consisting of a steady or specularly reflected component with 
randomly scattered components added, the resultant amplitude 
being statistically calculable by a formula, due to Rice,> derived 
originally for a sinusoidal voltage with added noise. Now, for 
a fading echo it seems axiomatic that, as the proportion of energy 
returned by such scattering (x2, say) increases, so the energy 
returned specularly (s?, say) must decrease. If it is further 
assumed that s?-+ x? remains constant whatever fading depth 
occurs, then the r.m.s. value of a succession of echo-amplitude 
measurements should give the value of the signal which would 
be obtained if the ionosphere were steady, i.e. with x = 0; the 
r.m.s. value might then be expected to approximate better to the 
true undisturbed value than does the arithmetic mean. 

The deepest fading obtainable would occur when the specular 
value was zero, since only the fluctuations then remain. Then 
if R is the arithmetic mean value of the received echo, averaged 
over a period of time, and R? is the corresponding mean-square 
value, it can be shown that R2/R? = 4/7, which represents the 
maximum possible value of the ratio provided that the fading is 
truly random. The distribution of amplitudes is then of the 
Rayleigh type.! Also, if o is the standard deviation of the 
succession of amplitude samples of the fading signal, then 
generally, R? = R* + o?, the r.m.s. value always being greater 
than the mean. From these two equations, o = 52:5% of the 
mean, or 50% of the r.m.s. value of the individual amplitude 
measurements. This evidently represents the maximum value it 
can attain; lower values are considered later when Rice’s theory 
is extended. However, the maximum error in taking the mean 
value in place of the r.m.s. value is «/77/2 in magnitude, or about 
1 dB, and is therefore small. 


(3) A DEFINITION OF ACCURACY OF MEASUREMENT 
OF A FADING ECHO 

When stating the measured value of a quantity it is usual to 
specify the accuracy of that measurement by assigning limits 
between which the true value stands a definite chance of lying. 
For present purposes this chance will be taken as 99 : 1, which 
implies that 99° of the instantaneous measurements of the 
amplitude of a particular fading echo taken over a particular 
period of time might then be expected, on the average, to lie 
within the limits specified. 

For small percentages of random component, o, superimposed 
upon a fixed specular value, s, the mean value of the resultant 
of the combination remains very close to s, since the moment 
of the variation occurring above s cancels the moment below it; 


[27 ] 
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the distribution is, in fact, substantially Gaussian. Under these 
conditions 99° of the variation would be contained within 
limits placed symmetrically about s, and the accuracy of repre- 
sentation of the resultant could be specified in the form s + r. 
The r.m.s. value of the resultant would also lie very close to the 
mean value. However, for the large variations that commonly 
occur with fading signals, this symmetry of variation no longer 
holds, since the distribution of amplitudes becomes skew. Skew- 
ness occurs because amplitudes can rise indefinitely but cannot 
fall below zero; the downward-going variations are therefore 
compressed. However, when expressed logarithmically, e.g. in 
decibels below the mean or r.m.s. value, the apparent downward 
variations appear to be expanded. Ranges of values containing 
99°% of the observations can again be specified, but still will not 
lie symmetrically around the mean value. The 99% range 
adopted in the present paper lies between a value exceeded for 
99-5% of the time and one exceeded for 0:5% of the time. 

It is convenient to express the variability of the fading signal 
in terms of the ratio of the r.m.s. to mean values of a succession 
of amplitude samples, both of these quantities being readily com- 
puted from the observations. A family of curves, Fig. 1, has 
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Fig. 1.—Theoretical characteristics for random fading. 


Signal level exceeded for percentage of time indicated. 


been prepared showing the signal level, in decibels, exceeded for 
various percentages of the time as a function of the variability, 
assuming that the amplitudes obey a Rice distribution. In 
particular, the 99:5%% and 0:5% curves are of interest for 
determining the 99% range. The corresponding ratios between 
the specular and the fluctuating components can be obtained 
using Fig. 2. The method of calculating these curves is indicated 
in Section 9. 
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Fig. 2.—Components of fading signal in terms of observable quantities, 


(4) APPLICATION TO SOME VERTICAL-INCIDENCE 
MEASUREMENTS 

Special measurements of the (relative) amplitude of first-order 
E-echoes were made at 1:62Mc/s by a standard method.® 
These measurements extended over several 24-hour periods 
from 16th—-30th June, 1954; the night-time values were obtained 
in order to calibrate the equipment in absolute terms by using 
ratios of the strength of multiple reflections.®-7 Usually 2 
measurement of the amplitude of the fading echo was made 
about once every 10sec, since it is known that readings taken 
at this separation are substantially uncorrelated samples of the 
short-term distribution. 

The observations were divided into blocks of 10. The mean 
value of each block and the standard deviation of the 10 observa- 
tions from it were evaluated. To reduce the effects of slow 
variations, each of these values of standard deviation was 
expressed as a percentage of the mean value about which it was 
calculated. 

The values so obtained are plotted in Fig. 3 for one typica 
day, and no substantial variation of the mean level of the results 
is apparent throughout the day, although the variation from 
minute to minute is great. The mean standard deviation for 
the whole day is 47°%, which is approaching the maximum 
theoretical figure of 52:5°% mentioned in Section 2. 

Since the successive amplitude readings are considered to be 
uncorrelated on a short-term basis, the standard deviation of the 
mean (‘standard error’ or s.e.) of an individual block of 10 is 
47/\/10 = 15% of the mean amplitude. This value may be 
compared with that obtained by Beynon and Davies? which, from 
their Fig. 1, is about 34%. The fact that their value is greater 
is significant. It is based on the mean value of 200 observations 
taken over a period of one hour just after noon, when true 
absorption changes are normally least. This period is, however, 
certainly long enough for some slow fading to have taken place, 
so that their statistics refer to the combined effects of slow and 
rapid fading. It is also probable that some change in absorp- 
tion occurred, since their measurements were made at the 
equinoxes when the rate of change of absorption with time 
around noon is greatest. This is confirmed by their Fig. 2. 

From Fig. 1 it will be seen that for a standard deviation of 
15% of the mean there is a 99% chance of finding the r.m.s. 
value of the whole distribution between approximately 11 dB 
below the r.m.s. value and 4-5 dB above it, i.e. within a range o} 
15-5dB. This is therefore the accuracy of measurement, as 
defined in Section 3, for the mean of samples taken over a period 
of about one minute. 

The mean values of the blocks of 10 successive observations 
as recorded (i.e. uncorrected for slow fading by the process 
described above) were plotted against time on a convenient 


decibel scale. A pair of lines spaced by the above-mentioned 
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Fig. 3.—E-region fading-depth statistics. 


Standard deviations of blocks of 10 successive instantaneous observations 


of amplitude (expressed as percentage of the mean value of each block, 


to eliminate slow variations), 30th June, 1954, covering solar eclipse. 


~5dB was then drawn to enclose the majority of the mean 
ues throughout the day. This pair of lines is shown dashed 
Pig. 4; the individual mean values are too numerous to be 
btted satisfactorily and have therefore been omitted. A curve 
awn 11dB above the lower dashed line (or 4-5dB below the 
per one) then represents the field strength smoothed to elimi- 
te the effects of rapid fading. This has been shown as a 
ain-dotted line in Fig. 4. Variations due to slow fading and 
arnal change of absorption remain. The diurnal change of 
sorption will be assumed to be symmetrical about noon—an 
-umption which is consistent with the experimental results. 
ch a symmetrical curve giving the best fit of the chain-dotted 
2 has been drawn as a full line in Fig. 4, and therefore represents 
: most probable manner in which the absorption changes 
roughout the day. Differences between the full and chain- 
ited lines must be regarded as being due to slow fading on the 
ssent argument; in particular, a pronounced slow variation 
er noon is apparent. 

One day’s observations is, however, insufficient for a statistical 
alysis of the slow fading to be made, since there may be 
preciable correlation between successive values as far apart as 
es hour. In order, therefore, to form an idea of the variations 
2 to slow fading which are likely to occur, the values of 
sorption measured (as a matter of routine) each day at Slough 
noon at a frequency of 2 Mc/s were examined. 

[t was found that the mean values at noon for May, June and 
y, 1954, were, respectively, 29-7, 28-3 and 30:1dB.* Estima- 
n of the standard deviation of these noon values taken over the 
nonth period showed that the difference between the monthly 
an values was hardly significant statistically and was attri- 
table to the spread of the random distribution of the individual 
on values. The implication is that the variation of absorption 
sr the period due to alteration of the solar zenith angle was 
sligible, a result which is to be expected during the summer 
sunspot minimum when the observations were made. This 
senfirmed by comparisons of values of absorption measured 
dferent frequencies throughout a sunspot cycle,? when it 
s found that the majority of the day-to-day changes occurring 


ls may be noted here that the arithmetic mean of a succession of decibels leads 
he geometric mean of the linear values which the decibels express logarith- 
ali , and the geometric mean is always lower than the arithmetic mean, However, 
. {© maximum variability corresponding to a Rayleigh distribution the discrepancy 
te this cause is small. Except when otherwise stated, s.d., s.e., mean and r.m.s. 
es refer to the original linear observations and not to the decibel values expressing 
© 21 of those observations. 
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at a single frequency were due to fading phenomena. Conse- 


quently, it will be assumed that the noon-to-noon variability was 
entirely due to a combination of rapid and slow fading. 

The extreme values of the distribution were 40-4 and 22-2 dB, 
with about 80% of the values lying between limits of about 5 dB 
below and 2:5dB above the r.m.s. value. Fig. 1 shows this to 
correspond to a standard deviation of 19% of the mean. This 
figure is based on a rather small number of noon observations, 
but it should, nevertheless, give a rough idea of the variability 
due to slow fading. 

Each noon value is the mean of some 50 individual measure- 
ments spread over about 12min, a period which is reasonably 
short compared with the slow fading at this frequency. Thus the 
standard error due to rapid fading is 0:47/,/50 = 0-07. The 
standard deviation of the slow fading causing the noon-to-noon 
variations is therefore ./(0:19? — 0-077) = 17%, corresponding 
to a range, containing 99°% of the observations, lying between 
11 dB below and 4dB above the r.m.s. value (Fig. 1). This figure 
would correspond to an ‘accuracy of measurement’ of the r.m.s. 
value of +4, —11dB, and represent the limiting accuracy im- 
posed by slow fading on the r.m.s. value likely to be obtained if 
no fading of any kind were present. 

It is evident that the variations due to slow fading are so 
large that the accuracy of assessing the value of absorption by 
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taking the mean of a number of rapid observations increases very 
slowly with the number of measurements. This is demonstrated 
in Table 1, where the resultant limitation of accuracy by com- 
bined rapid and slow fading is given. Two separate standard 
deviations for slow changes are assumed, namely 17% and 7%. 

The limiting accuracy has been approached after 10min of 
measuring in the presence of the larger slow fade and after 20 min 
with the smaller. 

The period around noon available for assessing the noon field 
strength, during which time the absorption should not have 
changed appreciably due to alteration of the solar zenith angle, 
is about two hours at the most in summer and winter, but less 
during the equinoxes. Owing to the extended time-scale of slow 
fading, it is doubtful whether more than two combined samples 
(Table 1) could with certainty be regarded as uncorrelated; in 


Table 1 


THE AVERAGE EFFECT OF COMBINED RAPID AND SLOW FADING ON IMPROVING THE ACCURACY OF MEASURING R.M.S. FIELD 
STRENGTH AT VERTICAL INCIDENCE BY INCREASING THE NUMBER OF OBSERVATIONS 


er of | 
pean See | Standard error due 


: . Time taken to rapid fading 
at 10sec intervals | 0.47/a/n 


23rd June to 7th July, 1954. During about 75% of the time, 
similar measurements on E-region echoes received at Inverness 
from Slough were also made, using the same aerials. The 
frequency was maintained as close to 5-1 Mc/s as possible, but 
occasionally had to be altered by a few kilocycles per second in | 
one direction or the other to avoid interference. 

The rapid fading was again assessed using the process 0 
evaluating the percentage standard deviation of amplitude. 
samples taken at 10sec intervals (Section 4). The results are 
shown in Fig. 3. The mean standard deviation for the whole 
day was 27:5% for the Inverness to Slough direction and); 
28-9°% for Slough to Inverness, the difference being attributable 
entirely to sampling errors. The standard deviation of the , 
mean of 10 uncorrelated observations comprising a block is noy 
9°, compared with 15% obtained by the same process for) 


Standard deviation Resultant standard Accuracy of r.m.s. value 
due to slow fading deviation (99 % confidence) 


consequence, the limits which define a 99% probability of con- 
taining the r.m.s. value of the (undisturbed) field would corre- 
spond to a standard error of 0-17/1/2, i.e. (from Fig. 1) +4 and 
—10dB. This is therefore the probable accuracy of measurement 
of the r.m.s. value of the noon field strength for a single frequency. 

The accuracy of assessing the unabsorbed field from night-time 
measurements is somewhat greater, since at night the absorption 
is low and multiple reflections can usually be recorded. During 
the night-time periods of the sequence of measurements being 
discussed, recordings of 1F, 2F and 5F echoes were made. 
Since the absorption during the night should remain constant 
for several hours, it is probable that about five uncorrelated long- 
term values of each were permissible, say 15 altogether. The 
standard error is therefore 0-17/4/15 = 4-4%, corresponding to 
an accuracy of measurement of the r.m.s. value of field strength 
of +3, —6dB. 

The absorption at noon is defined as the ratio of noon field 
to unabsorbed field; the accuracy of the ratio will be evaluated 
from a standard error equal to the square root of the sum of the 
squares of the standard errors of the two quantities comprising it. 
The value of the ratio was found to be 34dB, with 99% con- 
fidence limits of 30dB and 46dB. Instrumental errors were 
not considered significant because, for relative measurements of 
field strength taken over periods which are not too long, they 
are usually much smaller than sampling errors. 


(5) APPLICATION TO SOME OBLIQUE-INCIDENCE 
MEASUREMENTS 
Measurements of the amplitude of one-hop E-region echoes 
received at Slough from a pulsed transmitter at Inverness were 
made at approximately 10sec intervals during the period 


vertical incidence in Section 4. From Fig. 1, a standard devia: 
tion of 9% of the mean implies that 99% of the observations lie 
within +4dB and —8dB of the r.m.s. value. These figures 
would correspond to an accuracy of measurement of the r.m.s. 
value of +4, —8 dB, a total range of 12 dB, if rapid fading only 
were present. 

A pair of lines indicating this 12dB spread has been drawn 
in Fig. 5 for a typical day, thus showing up the significant 
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Uae 
Fig. 5.—Field strength measured at oblique incidence. 


———— 12dB spread of 1 min means due to rapid fading. 
—-— Variation remaining after rapid fading is removed. 


Estimated variation due to change in absorption. 


variations due to slow fading in a way similar to Fig. 4 for the 
vertical-incidence case. The number of noon observations i 
again not sufficiently large to enable the statistics of these long 
term variations to be assessed. However, comparing the 
oblique with the vertical-incidence results, it seems that the smaller 
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ort-term variations at oblique incidence disclose more of the 
tail of the long-term variations which, in consequence, cannot 
demonstrated to be less than those at vertical incidence. It 
il therefore be assumed that long-term variations are at least 
great, i.e. unlikely to vary by more than +4 and —11dB 
m the diurnal absorption line for more than 1°% of the time. 
le average accuracy of measurements due to combined rapid 


square root of the sum of the squares of the standard errors of 
the two values of field strength. The accuracy of measurement 
of the absorption value at noon then becomes about +4, 
—l1dB. The most probable value itself was found to be 
29dB. Thus, using the observations from a single day, it has 
been found that the absorption at oblique incidence has a 99% 
chance of lying between 25 and 40dB. 


Table 2 


ig AVERAGE EFFECT OF COMBINED RAPID AND SLOW FADING ON IMPROVING THE ACCURACY OF MEASURING ABSORPTION AT 
OBLIQUE INCIDENCE BY INCREASING THE NUMBER OF OBSERVATIONS 


Number of 
observations 
at 10sec intervals 


Standard error due 
to rapid fading 
0.28/\/n 


Time taken 


Resultant 
standard deviation 


Standard deviation 
due to slow fading 


Accuracy of r.m.s. value 
(99 % confidence) 


4 0-7 0-14 
16 2°6 | 0:07 
64 Oa, | 0:03 

128 21-4 0:02 


d slow fading is given in Table 2. As at vertical incidence, 
9 standard deviations for the slow fading are used, namely 
% and 7% of the mean. 
The limiting accuracy has been approached after 10min of 
‘asuring in the presence of the larger slow fade and after 
min with the smaller. The approach to this accuracy is so 
w that, except for special purposes, there will be little point 
averaging over periods longer than about 5 min. 
‘t is doubtful whether more than about two long-term samples 
packets of rapid observations) can on the average be regarded 
‘uncorrelated around noon, and the probable accuracy of 
imating the value of the field strength around noon would be 
1, —10dB. 
During the night the strength of reflections from E, 
oradic-E) occurring at about the same height as reflections 
m normal-E during the day, were recorded. This was neces- 
'y since normal E-reflection does not in general, and in fact did 
-, persist throughout the night. Multiple E, refiections were 
ely observed, and reflections from the F-region, occurring 
about 250km during most of the night, were not used 
ce the wave angle did not correspond to the day-time E-value. 
s not, therefore, possible to estimate the unabsorbed field as 
vertical incidence, since ratios of the strength of multiple 
ections cannot be used. Consequently, the night-time values 
ained from sporadic-E reflections will be assumed to equal 
unabsorbed values. This assumption leads to a value of 
yn absorption which agrees with absolute measurements,!° 
i, in addition, the measurements made simultaneously at 
12Mc/s on vertical incidence were found to approach the 
1bsorbed value closely. 
t was considered possible that five long-term values could be 
arded as uncorrelated throughout the night, assuming that 
ections from sporadic-E were subject to the effects of slow 
img as well as rapid in the same general manner as normal-E. 
sre does not appear to be any evidence for this, but it is not an 
exsonable supposition and it results in a standard error of 
76, leading to 99% confidence limits of +4, —8dB. The 
orption at noon is the ratio of the noon field to the unabsorbed 
4 calculated from night-time values; as before, the accuracy 
he ratio will be evaluated from a standard error equal to the 


0-07 0-30 te 16 
0-17 0-22 snake 

0-07 0-16 sree 
0-17 0-18 +4, —12 

0-07 0-10 +4,— 9 
0-17 0-17 +4, -11 

0-07 0-08 cee ae 
0-17 0-17 +4, —11 

0-07 0-07 ea 


(6) CONCLUSIONS 


A semi-empirical statistical method of assessing the accuracy 
of ionospheric absorption calculated from amplitude measure- 
ments of a fading echo has been outlined. The rapid fading has 
been separated from the slow fading and the statistics of each have 
been evaluated. The standard deviation of the amplitude varia- 
tion due to rapid fading was found to be greater at vertical inci- 
dence than at oblique, but insufficient evidence is yet available to 
determine whether the variation due to the slow fading was also 
greater. 

The accuracy of measurement of the r.m.s. value has been 
defined as the range of values having a 99° chance of including 
the correct value; the range therefore represents 99% confidence 
limits. On this basis, the accuracy of noon absorption as cal- 
culated from a single day’s observations at one frequency has 
been estimated to be about +4, —12dB at vertical incidence 
and +4, —11dB at oblique. These limits are not symmetrically 
disposed about the mean value, as is conventional in normal 
statistics, partly because of the effect of the decibel scale and 
partly owing to the characteristics of deep fading. 
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(9) APPENDIX 


Determination of Level exceeded for a given Percentage of the 
Time for Fading Echoes obeying a Rice Distribution of 
Amplitudes 


The statistics of the Rice> distribution may be expressed in 
terms of the mean and mean-square values of a succession of 
amplitude measurements comprising it, so that, in Rice’s notation, 

poe Bae PY a AGeate )e=P2a G : a 

Ri = (2poyPD(S + 1 )e-PPyF, pice 
where R” is the mean value of the sum of the nth powers of the 
succession of values (samples) of the instantaneous amplitude of 
the fading signal envelope R, comprising a sinusoidal component 
of (peak) amplitude P and random fluctuations of r.m.s. value 
Vio. The gamma function I’ and hypergeometric function ,F, 
can be found in reference tables.* 
* She E., and Empk, F.: ‘Tables of Functions’ (B. G. Teubner, Leipzig, 1938), 


The ratio of the mean (n = 1) and r.m.s. (n = 2) values the 
becomes 


R mean JT cee 
re ae 5} iF; ( ; 1 b 
/R2 rms. 2/(1 + 5?) 2 
r.m.s. specular component 
r.m.s. fluctuations 


where b = P/x/(2%9) = 


A plot of b against the ratio mean/r.m.s. is given in Fig. 2 
where the values of standard deviation, o, corresponding to ratio 
of mean to r.m.s. values are scaled, according to the formula — 


at a/ R2 1 
(a) =a 

Let a = b\/2. Then a value of a corresponding to a par 
ticular value of mean/r.m.s. ratio for a particular fading dis. 
tribution is used to specify a curve in Rice’s Fig. 7 (Reference 5 
p. 103) giving the percentage of time for which the fading signa 
is less than the r.m.s. fluctuation level; these percentages have 
then, of course, to be subtracted from 100 to give the percentage 
of time for which the signal exceeds the r.m.s. fluctuation level. 

The value of v —a (Rice’s notation, where v = R/»/yq 
corresponding to the ordinate expressing the desired percentags 
of the time the fading signal exceeds the r.m.s. fluctuation level 
is then read off the curve; hence vw is determined and the leve 
by which the resultant exceeds the r.m.s. value of the distributior 
(as opposed to the r.m.s. fluctuations) for the same percentag 
of the time is obtained from 


R ) 


VR V/20 +B] 
This formula merely refers the r.m.s. level of the envelope t 
the r.m.s. level of the fluctuations, both quantities being fixec 
for a given distribution. 
Curves showing the level exceeded for various percentages of 
the time as calculated by the above method are plotted in Fig. 1, 
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THE EFFECT OF THE EARTH’S MAGNETIC FIELD ON ABSORPTION FOR 
A SINGLE-HOP IONOSPHERIC PATH 


By R. W. MEADOWS, B.Sc.(Eng.), Associate Member, and A. J. G. MOORAT. 


(The paper was first received 1st January, and in revised form 12th July, 1957.) 


SUMMARY 


Magneto-ionic calculations show that deviative absorption is not 
essarily negligible at vertical incidence for waves reflected from the 
egion at frequencies considerably below the penetration value. 
nsequently, the value of absorption calculated by the conventional 
n-deviative’ formula for a short-wave oblique path from vertical- 
idence absorption measurements tends to be too high. Deviative 
,orption on paths sufficiently oblique is, however, negligible. The 
culations also show the effect of the earth’s magnetic field on 
irtyn’s absorption theorem to be similar to the effect of losses due 
partial reflections: namely to make the absorption in decibels cal- 
ated from an oblique path from vertical-incidence measurements 
‘low by a multiplying factor approaching the cosine of the angle 
incidence. It is suggested that the absorption to be expected on a 
ie path might best be calculated by applying the conventional 
a-deviative formula to measurements made at oblique rather than 
vertical incidence. 


(1) INTRODUCTION 


Absorption is the term defining ‘frictional’ losses due to 
ctron collisions suffered by a ray passing through the iono- 
ere, and its effect is therefore akin to that of resistance in 
bles and waveguides: the absorption coefficient (in decibels 
kilometre) is the real part of the propagation coefficient. 
fwo methods of assessing oblique-path absorption from 
tical-incidence data have been used in practice for frequencies 
wveen about 3 and 30Mc/s. The first assumes ‘deviative’ 
‘orption (the absorption introduced during the process of 
bending in the vicinity of the reflection level) to be small, so 
it the absorption at frequency f is then proportional to the 
2th of (undeviated) path through the absorbing D-region, 
Lis usually approximated by! 


A 
ion = -——>> j ibel eS! 

Absorption Gay seci decibels (1) 
ere i is the angle of incidence at entry to the ionosphere, 
| f, is the gyro-frequency? corresponding to the component of 
znetic field parallel to the direction of propagation. The 
itive sign refers to ordinary ray propagation and the negative 
‘xtraordinary. The paper will be concerned only with ordinary 
3, since for the frequencies employed they are attenuated less 
in the extraordinary. A is a constant, numerically equal to 
absorption in decibels for f+ f,=1, evaluated from 
tical-incidence (sec i = 1) measurements. The question with 
method is: to what extent is it really justifiable to neglect 
deviative absorption present in both the oblique- and vertical- 
klence cases, especially for engineering purposes when an 

mate accuracy of about 6dB is often desirable? 
‘he second method is an application of Martyn’s absorption 
prem, i.e. the absorption in decibels at frequency f at oblique 
idence is equal to cos i times that at frequency f cos i at vertical 
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incidence, provided that the effect of the earth’s magnetic field 
may be neglected. The frequencies f and fcosi are said to be 
‘equivalent’. The value of absorption at oblique incidence cal- 
culated by this method from vertical-incidence values is usually 
too low, however, and better results are sometimes obtained by 
omitting the cos i multiplying factor. Beynon? justifies this for 
trajectories involving F-region reflections by saying that the loss 
due to partial reflections from sporadic-E ionization on the 
oblique path, which increases as cos i decreases, offsets the effect 
of this term. Allcock’s measurements,> on the other hand, 
appear to indicate that a slightly better result is obtained when 


the cos i factor is used; but in any case the difference between 


the mean vertical- and oblique-incidence absorptions on the high- 
angle path he used turned out to be so small (6dB in May, 1950) 
as to have little practical significance. The margin between 
leaving cosi in and taking it out was small, perhaps hardly 
outside the realm of experimental error for absolute measure- 
ments.? 

However, another, or additional, reason for the discrepancy 
might well be that the earth’s magnetic field cannot be neglected. 
This possibility was strongly supported when measurements* + 
made by the present authors on oblique rays reflected from the 
E-region—in which no partial reflection losses should ‘have 
occurred—agreed better with vertical-incidence measurements 
when the cos i term was omitted. 

The effect of the earth’s magnetic field on the accuracy of the 
two methods is the subject of the present paper. The work is 
really the outcome of applying Millington—Booker magneto- 
ionic theory in an attempt to explain measurements of absorption 
on a 740km north-south path between Slough and Inverness, 
described elsewhere,? and already referred to in the paragraph 
above; but the general implications of the results seemed of 
sufficient practical importance to warrant reporting separately. 


(2) METHOD OF CALCULATING ABSORPTION 


Millington® has recently developed Booker’s oblique-incidence 
magneto-ionic theory to a form more suited to computation. 
In Booker’s method,”»® a ray path, either ordinary or extra- 
ordinary, is traced through the ionosphere, the characteristics of 
which may be defined graphically. To simplify the mathematics, 
however, these characteristics are allowed to vary in the vertical 
direction only; the ionosphere is then said to be horizontally 
stratified. For the short oblique path (740km) being con- 
sidered, a plane-earth approximation was used. 

Millington’s method enables the fundamental quartic equation, 
expressing the vertical component, Z (Millington’s notation), of 
the refractive index, py, as a function, ¢, of ionization density, to 
be plotted for a given angle of incidence by introducing an 
intermediate variable v. The four solutions of this equation 
represent the upgoing and downcoming ordinary and extra- 
ordinary rays. Z is first calculated for various values of 2, 
taking the angle of incidence, earth’s magnetic-field vector, and 
wave frequency as parameters. The ionization density function ¢ 
is also calculated for the same range of v as a different function of 


[330 2 


34 MEADOWS AND MOORAT: THE EFFECT OF THE EARTH’S MAGNETIC 


these parameters. Z is then plotted against ¢ for each value of v. 
So far, no actual ionization-density/height distribution curve 
has been introduced; the Z/Z curve relates only to these initial 
parameters. Measured values of ¢ for each physical height z 
then give Z for each height level considered. The components 
of ray direction at any height are next evaluated; in general, 
there will be lateral deviation from the plane of propagation, 
exept for propagation in the magnetic meridian, which is con- 
sidered in the present paper. The reflection point, which is 
always displaced towards the nearer magnetic pole,’ then remains 
in the magnetic meridian, but is displaced towards the north in 
this case. The path of the ray is then determined by graphical 
integration. 

For a point-to-point calculation a guess at the angle of eleva- 
tion which is necessary to make the ray land on the desired 
point has to be made; and if the first trial is incorrect, the process 
has to be repeated until the point is approached to the desired 
accuracy. 

The first approximation to this angle of incidence can, how- 
ever, be estimated by using? Martyn’s and Breit and Tuve’s 
theorems. These state that, with no magnetic field, the height 
of penetration for frequency f at angle of incidence i will be the 
same as at vertical-incidence frequency fcosi. A graphical 
construction based on a routine vertical-incidence h’/f record 
then enables the equivalent frequency, and hence the angle of 
incidence, to be obtained. 

Having determined the angle of incidence suitable to the path, 
and the ionospheric electron densities, the absorption coefficient, 
K, at a sufficient number of levels is evaluated, taking the mean 
collisional frequency appropriate to each level. Graphical 
integration then gives the total absorption for the particular ray 
considered, up to the reflection level at which the group path 
becomes horizontal. 

As the reflection level is approached, the rate of change of 
absorption coefficient with height increases rapidly, becoming 
infinite at the reflection level itself. It is then difficult to assess 
the area under the curve, so, following Booker,’ the neighbour- 
hood of this infinity was approximated by 


je oe 
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where Ag is a constant and Zp is the height of the reflection level. 
It was then found helpful to regard the ionization-density/height 
distribution as a series of straight lines, so that € = a + bz, 
where a and b are constants. Further, over each small range 
of height being thus considered, in the neighbourhood of the 
reflection level the collisional frequency f. may be regarded as 
being constant. Millington’s expression (4) in the second paper 
of Reference 6 is then 


Absorption coefficient K = Jeu) 


dz 


att 


So that the total absorption = | Atoae = EI £(2) 
c 


les 
= ph | coat 


Thus, once the integral has been evaluated for a given value 
of b, its value for other values of b follows by proportion. This 
was found useful when trying the effect of different electron- 
density/height slopes in the vicinity of the reflection level. 


(3) CALCULATIONS MADE 


Ionization-density and collisional-frequency curves suitable 
for E-region reflections are shown in Fig. 1; (a) and (b) are 
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Fig. 1.—Assumed variation of electron density and collisional 
frequency with height. 


are distributions at heights in the vicinity of the reflection levels 
These were assessed from unpublished data due to Piggott and 
from rocket data.!° They therefore represent values likely to 
occur commonly in practice; for instance, they lead to the 
following group heights not inconsistent with measurement 
102km for the distributions (a) + (c) and (b) + (c), and 100 kn 
for distributions (a) + (d) and (6) + (d). Varying the D-regiot 
ionization from (a) to (b) cannot give a group height change 
greater than 0-5km. 

Vertical- and oblique-incidence calculations were made fot 
frequencies of 1-62 and 5-1 Mc/s, respectively. These two fre 
quencies were not quite equivalent in the Martyn sense, bu 
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Fig. 2.—Vertical incidence; theoretical ordinary ray absorption. 


Coleus from porlous pay app wel he ope distributions shown in Fig. 1. 
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1:62Mc/s. Earth’s field = 0°48 gauss. Dip = 69°. 
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re frequencies at which absorption was measured in experi- 
nts* already referred to in Section 1; they were chosen to be 
close to truly equivalent frequencies as conveniently possible. 
wever, a correction has been applied. 

The angle of incidence for the (Slough-Inverness) oblique 
th range of 740km was 74° (angle of elevation 16°), and the 
ignetic dip was 69°. The magnitude of the earth’s magnetic 
d was taken to be 0-48 gauss, giving a gyro-frequency of 
+Mc/s. Preparation in the plane of the magnetic meridian 
Ss assumed. 

Absorption calculated from the four different ionization con- 
ions in Fig. 1 is shown in Fig. 2 for vertical incidence and 
Fig. 3 for oblique incidence. It has been plotted in the form 
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(Fig. 3.—Oblique incidence; theoretical ordinary ray absorption. 
aleulated from various electron-density/height distributions shown in Fig. |. 
5-1 Mc/s. Earth’s field = 0:48 gauss. Dip = 69°. 
— -— With field, Slough to reflection level. 


—x— With field, Inverness to reflection level. 
— No field, both paths. 


absorption integrated up to a particular height, against that 
zht; the contributions at the various height levels to the total 
rption as the ray progresses up to the reflection level can 
readily be seen. For the vertical-incidence cases the path 
orption is twice the final values given in Fig. 2, and the total 
rption between Slough and Inverness is the sum of the 
gh and Inverness reflection-level half-path values given in 
(ast 


(4) DISCUSSION OF RESULTS 


‘he final values of absorption of corresponding half-paths 
‘equal for all vertical-incidence cases and for the oblique 
es without magnetic field, but differ for the oblique cases 
1 field. This is brought out clearly in Table 1. The fact 
: there can be differences is a consequence of applying mag- 
d-ionic theory. The term ‘half-path’ is here used instead of 
going’ or ‘downgoing’ path in order to remove any possible 
bts about reciprocity; the same calculation refers to a wave 
ng up from, say, Slough to reflection level, as to a wave 
ag down from reflection level to Slough, provided that the 
eto-ionic components are treated separately. The mathe- 
dies is such that the path followed by a particular component 
ilimary or extraordinary) is the same in each case, since the 
aciive index for each component separately is independent of 
ion. 

4 vertical-incidence curve in Fig. 2 appears to be in two 
38. the absorption increases more or less uniformly from 
we until a height of about 95km is reached, when it rises 
“ply to the final value. The former gives the “‘non-deviative’ 
pretion and the latter the ‘deviative’ absorption associated 


with ray bending in the vicinity of the reflection level. Evidently, 
for our cases at any rate, the deviative absorption is considerable, 
even at the low frequency of 1-62 Mc/s, which is considerably 
below the E-region penetration frequency. In fact, for case 
(b) + (c), with magnetic field, the deviative absorption is approxi- 
mately equal to the non-deviative. It would therefore appear 
that the first method (Section 1) of assessing oblique absorption 
must in practice be applied with great care. For example, the 
absorption on 5-1 Mc/s calculated for oblique incidence from 
the (b) + (c) vertical-incidence case using eqn. (1) is about 27 dB, 
whereas the magneto-ionic result is 17-5dB; the 27dB figure 
is too high because of the deviative absorption implicit in the 
vertical-incidence figure. However, some measurements have 
shown? 4 that, during summer at sunspot minimum, the absorp- 
tion at vertical incidence was 34dB (with 99% confidence 
limits of 30 and 46dB) at 1:62Mc/s, and 29dB (with 99% 
confidence limits of 25 and 40dB) for the Slough—Inverness 
path at 5-1Mc/s. Table 1 then shows that ionization dis- 
tributions (a) + (c) and (a) + (d@) fit these values better than 
the distribution (5) + (c) referred to above, in which case 
the proportion of deviative to non-deviative absorption is 
smaller and errors in using eqn. (1) would not therefore be so 
large; but the deviative absorption cannot be made really 
negligible unless the rate of increase of ionization with height 
is perhaps 10 times greater than the maximum value here adopted, 
which is very unlikely for the epoch of the experiments. 

On the other hand, the deviative absorption does appear to 
be negligible at oblique incidence (see Fig. 3), since the upward 
cusps in the vicinity of the reflection levels are small. It is there- 
fore not unreasonable to suppose that eqn. (1) would then 
apply quite accurately. If this were true in general—and there 
seems to be no reason why it should not be so—the value of 
absorption likely to be found on one oblique path could be 
calculated from the value measured simultaneously on another 
such path traversing the same area of ionosphere, provided that 
sec i were not too small (greater than about 3). 

The fact that eqn. (1) appears valid for the oblique case 
has been used to modify the values of absorption calculated 
at 5:1 Mc/s to those likely to occur at the more exact Martyn 
equivalent frequency. (It has already been mentioned in 
Section 3 why the more exact equivalent frequencies were not 
used.) The graphical method described in Section 2 had shown 
that the more nearly correct value was 5-7 Mc/s, with an angle 
of incidence of about 164° and obliquity factor of 3-5, or 
COS 0s 

The angle between the earth’s magnetic field and the oblique 
ordinary ray at Slough is 85°, so for the half-path on the Slough 
side the longitudinal component, f,, of the gyro-frequency is 
1:4 cos 85° = 0-012 Mc/s, which is negligible; the propagation 
is, in fact, practically transverse to the earth’s field, as may be 
seen from Fig. 3, where the value of absorption on this half-path 
will be seen to be only slightly less than that obtained with the 
earth’s field absent. 

On the Inverness side, with an angle of 53° between ray and 
field, f, = 0-8 Mc/s. It is interesting to compare this value with 
a quantity fy such that f2/(f + f7)? is in the inverse ratio of the 
field/no-field values of absorption for the half-path given in 
Table 1; for instance, this would be 12-2/15-7 for the field/no- 
field case (a) + (c), giving ff = 0-7 Mc/s. 

The factor for converting the Slough reflection-level absorption 
from 5:1 to 5:7Mc/s is therefore (5-1/5-7)*, and for the 
Inverness reflection level is (5:1 + 0-7)?/(5:7 +0:7)?. The 
results obtained, together with those for 5:1 and 1-62 Mc/s 
taken from Figs. 3 and 2, respectively, are given in Table 1. 

In the final column the ratio of oblique (5-7 Mc/s) to vertical 
(1:62Mc/s) absorption is given. When Martyn’s absorption 
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Table 1 


CALCULATIONS OF ORDINARY RAY ABSORPTION 


| 

Absorption, oblique | 

Absorption, vertical Absorpilcaseu¢ 

5:1 Mes: 5:7 Mc/s 5 p : 5-7M | 

Ionization distribution | (Fig. 3) (corrected for) hese Wei ar Me 

(Fig. 1) 

(i)* (ii)* sum (i)* (ii)* sum : 

dB dB dB dB dB dB dB 
a) + (c) No field 15!*7 15:7 31-4 12-6 12°6 De, 88-0 0:29 
ae Field .. 122 15:2 27-4 10-0 12-2 22°92 40-0 0:56 
+ (d) No field NEYO! 15°3 30:6 12°3 iW2p8} 24°6 80-8 0:30 
Duar ele nie iW og 14-8 26-5 9-6 11-8 21-4 32:6 0-66 
b) + (c) No field st 10-0 10-0 20-0 8-0 8-0 16-0 59-2 0227 
oe Field .. a 938) 9-6 17-5 6-5 107! 14-2 30-0 0:47 
b) + (d) No field 9-8 9-8 19-6 7:9 7:9 15°8 52:4 0-30 
ioe tis Field 3. UES 9-1 16-6 6:2 hes Bios) 22-6 0-60 


* (i) Inverness reflection level. 
(ii) Slough reflection level. 


theorem is unquestionably valid, i.e. without field, this ratio 
should equal cos i = 0:29; it is not always exactly so, owing to 
the approximation introduced by converting from 5:1 to 
5:7 Mc/s on a path of constant length. However, with magnetic 
field present, the ratio rises to 0:66 in one instance. Taking 
Martyn’s theorem with the cos i factor omitted (the method of 
calculation mentioned in Section 1), this ratio would be unity: 
magnetic field is therefore having the effect of making the cos i 
term tend to unity and is similar to partial reflections in that 
respect. In other words, the absorption calculated for oblique 
incidence from vertical-incidence measurements at the equivalent 
frequency would be too low using Martyn’s theorem; for the 
instance quoted it would be in error by —12-1dB, and by 
+11-2dB if the cosi term were omitted. It is therefore not 
surprising that omitting the cosi term may sometimes give 
results of the right order in practice, since this omission seems 
to lead to a pessimistic value for the field strength to be expected 
on an oblique path, thus compensating for extra losses which are 
not normally taken into account. However, for an E-reflected 
trajectory, at least, there does not appear to be much justification 
for neglecting the cos i term completely. Since the effect of the 
earth’s field is greatest at vertical incidence, as can be seen from 
Table 1, it is highly probable that the same applies to absorption 
calculated by Martyn’s theorem for F-reflected trajectories, but 
with the possibility in practice of additional losses due to partial 
reflections from sporadic-E ionization. In this respect, Beynon’s” 
Table 2 shows that absorption calculated (using Martyn’s theorem 
with the cos i factor omitted) for a transatlantic path at 9-87 Mc/s 
was on the average about 15dB too high during noon in winter, 
whilst it was 5dB too low in summer, when more sporadic-E 
reflections might have been expected. There is therefore a 
seasonal variation of 20dB, at least part of which might con- 
ceivably be attributed to partial reflections. On the other hand, 
it might also be attributable to the effect of the ‘winter anomaly’! 
on the Slough vertical-incidence figures; this phenomenon 
causes days of high absorption to occur during the winter, so 
that the monthly averages from November to March are 
anomalously elevated. There is evidence to show that this 
effect is local,!* and so winter noon observations at Slough might 
be considerably in error if applied to the midpoint of a long path. 
However, further experimental work would be required on 
oblique paths to see whether they, as well as those at vertical 
incidence, were anomalous in this respect during the winter. 


(5) CONCLUSIONS 


Absorption along a vertical and an oblique path reflected in 
the E-region has been calculated for various ionization distri- 
butions and the results compared. Miéillington’s form of 
Booker’s ray theory, which includes the earth’s magnetic field, 
was used. Frequencies of 1-62 Mc/s and 5-7 Mc/s were taken at 
vertical and oblique incidence, respectively, since the ratio between 
these frequencies is the cosine of the angle of incidence for the 
oblique path of 740km utilizing single-hop E-reflections; the 
frequencies were therefore equivalent in the sense of Martyn’s 
theorem. The following conclusions of practical significance can 
be reached from these calculations: 


(a) For vertical incidence, absorption in the vicinity of the 
reflection level (deviative absorption) cannot always be neglected 
compared with the (non-deviative) absorption taking place in 
the lower E, or D, region. This is especially true when the 
earth’s magnetic field is taken into account, even though the 
frequency used may be considerably below the E-region critical, 
or penetration, frequency. This tends to invalidate the simple 
formula for non-deviative absorption which is often used to 
convert absorption measured at vertical incidence to that 2 
oblique incidence at the same frequency. 

(b) For the oblique case, however, deviative absorption 
during the process of reflection can be neglected compared 
with non-deviative. The non-deviative formula referred to in 
Section 1 should therefore be applicable when calculating 
absorption to be expected on one oblique path from measurements 
made on another, the path being split into up and down com- 
ponents with a value of f, appropriate to each; for a better 
approximation Fig. 13 of Reference 6 (second paper) could be 
used, but the answer is not critically dependent on the values of 
f, taken. Clearly, the obliquity of the paths must be sufficient 
for this to be valid; it can be inferred from the calculations that, 
with E-region reflections, angles of incidence greater than about 
70° (elevations less than 20°) would qualify. 

(c) The fact that better results are usually obtained in practice 
by omitting the cos i term in Martyn’s theorem can be mainly 
accounted for when a full magneto-ionic treatment is used. 
(Martyn’s theorem was not intended to be valid in the presence 
of the earth’s magnetic field.) It does not seem necessary, there- 
fore, to invoke partial reflections as an explanation, at least for 
rays reflected at the E-region. For practical purposes there does 
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appear to be any reason why Martyn’s theorem, either with 
without the cos i term, should be relied on, except as a very 
gh guide indeed. 
d) The calculation of absorption using magneto-ionic theory 
edious, and, it is suggested, is unjustifiable in general for 
ticular radio-circuit applications, since the results depend 
Siderabiy on the particular distributions of electron density 
| collisional frequency used. However, the E-region cal- 
ations made in the present paper have indicated that 
ique-incidence absorption calculated from vertical-incidence 
ues may be in error and should be used with care. To 
aplete the work, similar calculations should be made for 
ae typical F-region paths. If a knowledge of absorption on a 
ticular oblique path is required, it seems better to estimate it 
m that on another such path, or from an experimental one 
Lup for the purpose. The need for relating the absorbing 
racteristics of the ionosphere on the two paths, however, 
hid remain, and vertical-incidence soundings seem useful in 
respect only if deviative and non-deviative absorption can 
oroperly separated. Single-hop oblique-incidence absorption 
Surements, using pulses, conducted simultaneously in various 
‘ss of the world should prove more useful than vertical- 
ence measurements in estimating these characteristics. 
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AN INVESTIGATION OF PERIODIC ROD STRUCTURES FOR YAGI AERIALS 
By J. O. SPECTOR, Ph.D., Associate Member. 


(The paper was first received 17th May, and in revised form 9th August, 1957.) 


SUMMARY 


The periodic structure of conducting rods, normally used for Yagi- 
type aerials, is investigated from the point of view of a guide for 
surface waves. In a series of resonator experiments it is found that a 
non-radiating plane surface wave of the HEi1;-mode may be guided 
along the structure, and that radiation occurs only from a discon- 
tinuity. The guiding effect is found to exist only where the rod lengths 
are less than A/2. The structure is thus analogous to a capacitively- 
loaded transmission line. The propagation coefficients are experi- 
mentally determined for structures of different rod length and spacing. 
These propagation coefficients are used to predict the radiation patterns 
of Yagi aerials in conjunction with the theory outlined in a previous 
paper. There is quite good agreement with experimentally-observed 
radiation patterns of long Yagi aerials. The side-lobe structure is 
explained by interference with direct radiation from the driven element 
caused by inefficient launching of the surface wave. 


LIST OF PRINCIPAL SYMBOLS 


Ao = Free-space wavelength of frequency fo. 
A, = Guided wavelength on guiding structure. 
p, & = Cylindrical co-ordinates. 
@ = Angle with aerial axis. 
g(0) = Amplitude radiation pattern. 
F(p, ¢) = Amplitude distribution in aperture plane. 
B, By = Phase-change coefficients of guided wave and 
free-space wave, respectively. 
Zo, Z; = Characteristic wave impedances of unloaded and 
loaded transmission line, respectively. 
d = Spacing of periodic elements. 
h = Length of copper rods. 
€, = Relative permittivity of supporting dielectric rod. 
V1, Vo = Phase velocities of surface wave on periodic 
structure and free-space wave, respectively. 
df = Shift of resonance frequency of surface-wave 
resonator. 
fo = Initial resonance frequency of surface-wave 
resonator, with / = 0. 
L = Length of surface-wave resonator. 
! = Length of loaded section. 
K = Constant defined by eqn. (13). 
ko = (B? — 2). 
A = Arbitrary constant. 
E,, Ey = Components of electric field. 
J,(x), K,(x) = Bessel functions. 
b= 2, 1Zo: 


u= Pos sin é. 


(1) INTRODUCTION 
The common Yagi aerial, as shown in Fig. 1, consists of one 
driven element and one or more passive, or parasitic, elements. 
The analysis of this structure is usually made by assuming that 
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Fig. 1.—Yagi aerial. 


the driven element induces currents in the other elements, and 
in consequence they become radiators themselves. If these 
induced currents are calculated, the radiation pattern of the 
aerial will be given by the superposition of the individual radia 
tion fields contributed by each element. To calculate the currents 
the structure is considered equivalent to a linear network,! ani 
the voltage and current relations are given by 


[Zim] Un] a [Vn] 2) NN a 


where V,, and J, are voltages and currents in the element n of thi 
structure and Z,,,, is the mutual impedance (or self-impedana 
in the case n = m) of the elements denoted by the subscripts 
In the case of the Yagi aerial, where only one element p is driven 
V,, in eqn. (1) is made zero except when n = p. 

When egn. (1) is applied in practice, it is immediately observe: 
that the calculation of the coefficients Z is extremely difficult, a 
there are n(n + 1)/2 such coefficients for an n-element aerial 
Indeed, this approach has not yielded useful results for structure: 
of more than a few elements. 

A new approach to the problem has been suggested.2 The 
periodic structure of conducting elements is considered as ai 
artificial dielectric, along which a surface wave?>4 is propagatec 
No radiation takes place from points along the length of the 
structure. There is, however, radiation from the discontinuit 
at the end of the structure, and the mechanism of radiation ca 
be described in a very similar way to that of the dielectric rod 
and other end-fire structures. 

A complete theoretical analysis of the Yagi-type structure ii 
terms of a non-radiating plane surface wave would require th 
knowledge of the field configuration in the vicinity of the structure 
By formulating continuity conditions for the fields at th 
boundary of the structure the propagation coefficient could 6 
calculated, following the analysis given by StrattonS for plan 
waves on cylindrical guides. The radiation pattern may now b 
calculated by assuming the transverse components of the fiel 
outside the structure to be identical to those of a plane surfae 
wave of the ‘dipole mode’ type. The radiation pattern of | 
transverse field distribution F(p,¢) in the aperture plane | 
given by® 


com 


(1 + cos 6) i J F(p, ¢) exp [789 p sin 8 cos (X — $) |pdpdd 


where g(, X) is the field intensity at a point on the surface of 
sphere specified by the polar angles @ and X._ However, the fiel 
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‘figuration near the structure is unknown. It is therefore 
posed to find the propagation coefficient experimentally, and, 
aming that any distortion of the field near the structure 
eases very rapidly i in the radial direction, to find the radiation 
tern by using the field distribution of a pure dipole-mode 
iy conjunction with the aperture field method given in 
‘he purpose of the experimental investigation of the problem 
_ to find whether the periodic structure shown in Fig. 2 could 


ae 


Fig. 2.—Periodic structure of conducting 1ods. 


vide a guiding effect which is required for the propagation of 
pn-radiating surface wave along itself, and, once the existence 
such a guiding effect is established, to find the propagation 
cient as a function of the structural dimensions. Finally, 
@s proposed to find whether, using these experimental results, 
aantitative as well as qualitative description of the Yagi aerial 
ad be given, which would be consistent with measured 
iation patterns of Yagi aerials. 


(2) ANALOGY WITH LOADED TRANSMISSION LINE 


ome results of a qualitative nature can be found by using 
‘transmission-line analogy for any particular mode of propa- 
n. The hypothetical transmission of a homogenous plane 
e in the absence of the structure of conducting rods can be 
resented by a transmission line of characteristic impedance Zp 
| phase-change coefficient By = 27/Aj. The addition of con- 
ing rods periodically along the line of propagation may be 
esented in this transmission-line analogy by impedances 
ated across the line at regular intervals. The analysis of the 
dically-loaded transmission line shown in Fig. 3 presents no 


Fig. 3.—Loaded transmission line. 


and 8p are the characteristic impedance and phase-change coefficient, respectively, 
e unloaded line. 


culties, and the propagation coefficient y = « + jf of the 
ed line is given by® 


1d WOE PREIS) 


27 a nt 
cosh yd = cos a d ig ai 
ae Z is the impedance of the load. 

i is assumed that there is no radiation from elements along 
structure, and if losses in the elements themselves are neg- 
»d. the shunt impedance becomes a pure reactance Z = jX 
ithe line will propagate unattenuated waves (y = jf) whenever 


cos d+ dj<1. Etre ee (4) 


2x sin Xa 


The guided wavelength A, will be given by 


27 
cos —d=c os a+ oh in ea diiticca fe cle) 
Re SR ine ©) 
It can be seen from eqn. (5) that the guided wavelength is a 
function of the shunt impedance and the spacing d. 
For small spacings (d/A < 1) and large shunt impedances, 


eqn. (5) can be rewritten 

7 (ES Z,y 2nd 
which means that X must be negative in order to reduce the 
phase velocity (A, <A ), thus making the wave physically 
feasible. Hence it can be deduced from the transmission-line 
analogy that capacitive loading is required. This suggests that 


the shunt element may be realized in practice by a cylindrical 
conductor of less than the half-wave resonant length. 


(6) 


(3) GENERAL DESCRIPTION OF MEASURING TECHNIQUE 
AND APPARATUS 


A general block schematic of the equipment used for the 
experiments is given in Fig. 4. The periodic structure was 
mounted in a surface-wave resonator,’ which consisted of two 
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Fig. 4.—Block schematic of apparatus. 
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Fig. 5.—Surface-wave resonator. 


aluminium plates parallel to one another and at right-angles to 
the axis of the structure, as shown in Fig. 5. The dimensions 
of the end-plates were 60cm x 60cm, which were large enough 
to contain almost all the energy of the surface-wave fields inside 
the resonator, for a wavelength of 10cm used throughout the 
experiments. Energy was fed into the resonator through circular 
holes of 5cm diameter cut in the centre of each resonator plate. 
The copper conductors were embedded in cylindrical holes 
drilled in a polystyrene rod of circular cross-section. The 
dielectric rod provided some initial guidance for waves along its 
surface. A rod of 2:54 cm diameter was used, along which the 
phase velocity of the HE,,-wave was reduced by 2 x 10-3 of 
its free-space value.8 

The HE,,; surface wave on the dielectric rod was launched by 
means of a circular dielectric-filled waveguide in which the 
dominant H,;-mode had been excited. The dielectric was con- 
structed so as to continue from the end of the waveguide and 
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was gradually reduced to the dielectric-rod diameter by means 
of a taper section. Power was fed into the waveguide by means 
of coaxial cable and probe from a type CV238 reflex klystron. 

The output section was identical to the input section. High- 
frequency power was transmitted by coaxial cable to a spectrum 
analyser, where it was rectified and presented on a cathode-ray 
tube in the form of a vertical deflection whose height varied 
according to the power input. 

The frequency of oscillation was accurately measured by a 
heterodyne crystal-calibrated frequency meter. A small amount 
of power was extracted for this purpose directly from the 
oscillator cavity by coaxial cable. 

In the absence of any copper rods, the end-plates were adjusted 
in such a position that a resonance could be observed on the 
cathode-ray tube for a frequency within the range of the 
oscillator valve. At the resonance frequency of the system, 
maximum power was obtained at the spectrum-analyser input 
terminals, and thus a maximum deflection on the cathode-ray- 
tube screen was observed. The resonance frequency was found 
by tuning simultaneously the cavities of the main oscillator valve 
and the beat-frequency oscillator of the spectrum analyser, 
while observing the height of the deflection on the cathode-ray 
tube. At the same time care was taken to operate both klystrons 
at the centre of their modes of oscillation, so as to avoid spurious 
amplitude changes, by adjusting the reflector voltages. When a 
resonance had been established the tuning of the beat-frequency 
oscillator cavity was left unchanged and its frequency-modulating 
voltage reduced, thus producing a large shift of the deflection 
along the time-base of the cathode-ray tube for a small change 
in main oscillator frequency. The resonance point could be 
located accurately on the screen, and the frequency of resonance 
measured by means of the frequency meter. 

The system of guiding structure and end-plates is analogous 
to a transmission line short-circuited at both ends, for any one 
mode of propagation in the structure. The condition for 
reasonance, or natural oscillations, on such a line is that the 
sum of impedances ‘seen’ from any cross-section of the line is 
equal to zero.? The resonator partly filled to a length / with 
conducting rods is therefore equivalent to the section of trans- 
mission line shown in Fig. 6, where Up is the phase velocity along 
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Fig. 6.—Transmission line short-circuited at both ends. 


the dielectric rod and v, is the phase velocity along the periodic 
structure of length /. Taking the cross-section at the discon- 
tinuity of the line, the conditions for resonance are* 


tan (be ¥) tan =) Oe ea 
Uo Vj 


When no copper rods are present (J = 0), the frequency is 
denoted by wo, and the condition for resonance is 


—L=nt 
% 
r 
or L=n2 5 Os 
ns hel (Age (8) 


where n is an integer and wo/¥) = 27/Ay. This means that, at 
resonance, the length of the resonator must be equal to an 
* In eqn. (7) it is assumed that the line is loss-free and that the two parts of the 


line have the same characteristic impedance. The effect of a ch i isti 
] 1 2 I ° ange in chara 
impedance is treated in Section 8. 2 ee 


integral number of half-wavelengths in the resonator. 
conducting rods are inserted, the resonance frequency 1 
w = Ww) + dw. From eqn. (7) we have, using eqn. (8) ane 
imposing the condition that the number of half-wavelengths o 
the resonant line is kept constant, 


So... 1 =Wolta) 
wo Lil + v/v, —1 


change in resonance frequency is given by 


2 =(1 = oe 


From eqn. (10) it can be seen that, by plotting the change if 
resonance frequency as a function of the length occupied bj 
the periodic structure, a straight line should be obtained. The 
phase velocity in the periodic structure will be given by the slop 
of this line. A decrease in frequency is expected for a way 
which is slowed down in the structure. 

The experimental procedure was as follows: 

The dielectric rod was inserted in the resonator and the 
oscillator frequency was changed until a resonance was observed 
Ww, was then measured. The number of half-wavelengths, n, i 
the resonator was obtained by moving a thin conducting dis 
along the rod, with its axis parallel to the rod. The conditio 
for resonance was unaffected only when the obstacle was placet 
at a node of the electric field. By counting the number of power 
transfer maxima on the analyser screen while the obstacle wa 
traversing the length of the resonator, the number of half 
wavelengths was found. Copper rods were then added 4 
regular intervals, starting either from the input or output en¢ 
of the resonator. After each rod had been inserted, the oscillato 
was again tuned to resonance and the frequency was measuret 
This procedure was repeated until the whole length of the 
resonator was occupied by the periodic structure. 

The amount of radiation from the structure was indicated b 
the change in the Q-factor of the resonator, assuming all othe 
losses to be constant. To measure the Q-factor, the oscillato 
was detuned from resonance on either side until the defiectio 
on the cathode-ray tube was half the value at resonance. 
two frequencies thus found corresponded to half-amplitud 
points of the resonator. The bandwidth was measured eithe 
by means of the frequency meter or directly on the screen 0 
the cathode-ray tube with the aid of the 1 Mc/s spaced markers 
the first method being more accurate. 


(4) DISCUSSION OF RESULTS 


(4.1) Determination of Phase Velocities 


The diameter 2a of the conducting rods has been kept constaml 
at 2a = 0-15cm ~ 0-015A, and the effects of varying the lengfl 
of rod h and the spacing d have been investigated.* A larg 
number of measurements have been carried out, a typical se 
being given in Fig. 7. Results are summarized in Figs. 8-10. — 

In the experiments carried out, a resonance could always b 
observed in the presence of the periodic structure of conductin 
rods, and so it was proved that propagation along the structur 
actually existed. The negative sign of Sf indicated that tt 
wave was slowed down along the structure. When the structur 
was formed by elements of h/A > 0-5, the Q-factor fell o 
rapidly as the first elements were inserted and no resonan¢ 
could be detected. This was expected as the line was then bein 
loaded inductively, which would make A, > Ao. 

* The length h is the effective length of copper rods. The length of the portion 


copper rod embedded in the dielectric is multiplied by V/€,. Also, since chan: es 
wavelength are small, the normalizing factor 4 has been taken as A= 10cm througiil 
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i7.—Shift of resonance frequency as a function of structure length. 
The rod length is 0:24) and the spacing is 0-15A. 


_ Fig. 7 the shift in resonance frequency, —6f, is plotted 
wast structure length for closely spaced structures, with 
= 9-15. It is seen that the measured values of Sf lie on a 
¢ which oscillates with a period of A/2 about a straight line 
ugh the origin. From the hypothesis of the existence of a 
v’ wave along the periodic structure and in conjunction with 
equivalent circuit of Fig. 6 and eqn. (10), measured values 
‘f against //L are expected to lie on a straight line through 
origin, for small reductions in phase velocity. This is, in 
‘the case in Fig. 7, apart from the small variations, periodic 
superimposed on this line. This oscillation may be explained 
ae fact that in the equivalent circuit of Fig. 6 the two sections 
ansmission line have been assumed to be of the same charac- 
tic impedance. This is, however, not the case, since the line 
een loaded periodically by capacitive shunt-elements. In 
odified equivalent circuit Z) and Z, are the characteristic 
dances of the unloaded and loaded transmission lines, 
ectively. It is shown in Section 8 that the change in 
jance frequency as a function of loaded length /, for small 
ges of phase velocity, is given approximately by 


Of hy. U; Saba t il 
ae = z( Hl + (t Der sin none (11) 
ne f —YAVAS 


ne observed deviations from a straight line in Fig. 7 are 
ently explained by eqn. (11). If the maximum vertical 
ation is 2e, the absolute value of (¢ — 1) is given by 


l¢—1| = (22)2m (12) 
0 


{for lines with no attenuation (tf — 1) is real and either 
‘tive or negative. The sign of (t — 1) can be found by 
ving the phase of the oscillatory deviations in Fig. 7. This 
‘ad to be negative, which again is consistent with the fact 
. Z, is the characteristic impedance of a transmission line 
th aas been shunt-loaded capacitively, so that Z; < Zo. 
ae treatment leading to eqn. (11) obviously breaks down 
3 the spacing is more than a small fraction of the wavelength. 
*ow more reasonable to use the equivalent circuit of a 
pamission line periodically shunt-loaded with reactive ele- 
¥s. shown in Fig. 3. When this analysis is carried out for 
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Fig. 8.—Effect of varying the spacing d/A on the percentage reduction 
of phase velocity on rod structures. 


The rod length is 0-24A. 
The curve of (1 — V;/Vo) = K2/d is shown by the broken line, for K = 0-125, 


values of d/A which are no longer small compared with the wave- 
length of operation, it is found that the observed deviations 
from a straight line are adequately explained. 

In Fig. 8 the measured change in phase velocity is given as 
a function of spacing between the conducting rods, for rods of 
fixed length h. It is seen that when d/A > 0:1 the reduction of 
phase velocity is given approximately by the simple rule 


(1-3) =x(G).. 


where K is a function of / only. 

The experimental results are eventually summarized in Fig. 9, 
where the change in phase velocity is given as a function of rod 
length A/A, with d/A as parameter. 


(13) 


(4.2) Radiation from Yagi Aerials 


In the experimental results of the previous Section it had been 
shown that a surface wave was established in the resonator 
which propagated along the structure with reduced phase velocity. 
The fact that a sharp resonance could be observed, even when 
the rod structure was long in terms of wavelengths, would itself 
lead to the conclusion that no large amount of power was being 
radiated from points along the line. However, some more 
experimental evidence was sought on this point, because it was 
of some importance to verify the proposition that any radiation 
from Yagi-type periodic structures occurred not at points along 
the structure but at the discontinuity at the end of the structure 
only.2 A series of experiments was therefore carried out in 
which the conducting rods were, as in the previously described 
experiments, inserted in the dielectric guide, but attention was 
concentrated on the change in the Q-factor of the resonator. 
It was argued that if radiation occurred from the length of the 
structure, the Q-factor would decrease continually as //L, the 
length of the loaded section, increased. If, on the other hand, 
radiation was confined to the discontinuity, the Q-factor should 
drop initially, then remain constant and finally increase again 
when //L — 1, as the discontinuity would then disappear. 

Measurements were made on closely-spaced structures of 
d/\ = 0-1 and four different rod lengths h/A. The absolute 
values of Q-factor obtained were of the order of several hundred, 
the main source of losses being the power lost through the 
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ROD LENGTH hA 


Fig. 9.—Percentage reduction of phase velocity on periodic rod 
structures. 


The parameter is the spacing d/A. 
The right-hand scale gives the constant K of eqn. (13). 


coupling holes and the effect of finite dimensions of the end- 
plates, with the result that a small part of the field extended 
outside the resonator. These effects were of constant magnitude 
for any particular structure, and the relative Q-factors, i.e. the 
actually measured Q-factor divided by the initial value when 
no rods were present, are shown in Fig. 10. It is evident from 
Fig. 10 that the Q-factor falls from its initial value for the 
unloaded dielectric rod line to a lower value which depends 
on the length of the conducting rods. The greater the difference 
in phase velocity between the periodic structure and the dielectric 
rod line, the more pronounced is the decrease in the Q-factor. 
The decreased Q-factor remains almost constant as //L is in- 
creased, indicating that the amount of loss does not increase. 
As the periodic structure occupies the whole length L of the 
resonator, the Q-factor increases again until, at last, for //L = 1 
it is almost restored to its initial value. Results given in Fig. 10 
therefore provide quite conclusive evidence that, unless there 
is a discontinuity, no radiation takes place from a Yagi-type 
periodic structure. 

It is now suggested that the radiation mechanism of Yagi 
aerials can be explained in terms of a surface wave propagating 
along the aerial and a radiating aperture at the end of the aerial 
structure. By means of a driven element, a surface wave of the 
dipole-mode type is excited which propagates without radiation 
along the aerial, and the radiation pattern can be derived from 
the field distribution in the terminal aperture plane, using 
eqn. (2). Approximations may now be made on the assumption 
that the phase-change coefficient, B of the wave on the structure 
is almost equal to the free-space phase-change coefficient Bo. 
Thus, in terms of Cartesian co-ordinates, the field components 


03 05 O6 O07 10 
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Fig. 10.—Variation of resonator Q-factor with length of rod 
structure. 
The parameter is the rod length h/A. 


The spacing is kept constant at d/A = 0-1. 
Qo is the value of the Q-factor when no rods are present. 


in a transverse plane outside a cylinder p = h/2 bounding th 
rod structure are given by? 


E, ="AKo(kop) -. . . 
By=0 iv e/a 


ie = 628k oe | Lee 


The exact field distribution for p< h/2 is not known, but, t 
the extent of the above-mentioned approximations, the contri 
bution of this part of the radiating aperture can be neglected 
since, for A,/Ay ~ 1, a far greater part of the energy of the dipole 
wave is transmitted outside the structure. Substitution 0 
eqn. (14) into eqn. (2) gives 


where 


2(0, X) = 2A(1 + cos 8) J, pK0(op)3o(Bop sin O)dp  ( 


which shows that the radiation pattern is independent of x 
This is consistent with observed radiation patterns of long Yag 
aerials, which are very similar in the plane of polarization ¢ 
perpendicular to it.!° ¢ 

The integral of eqn. (17) is of the Lommel type, and inte 


gration yields 
koh Koh koh 4q 

Mh Matyas 

Ca 


where u = Bo; sin@ . ny <i pit tli 


The expression in eqn. (18) can be readily evaluated with tt 
help of Tables. This can be carried out for any given reductio 
in phase velocity, and the resulting half-amplitude beam wid# 
is shown in Fig. 11. From this figure and the phase velocitie 
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+ 11.—Theoretical dependence of half-amplitude beain width on 
the percentage difference between free-space and dipole-wave 
phase-velocity. 
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. 12.—Experimental beam width of Yagi aerials from Reference 11. 


ae rod length is 0-4 A and the spacing is 0:34 A. f 
ae beam width of long Yagi aerials calculated by the method outlined in the 
ter is shown by the broken line. 


ained from the resonator experiments, the beam width of a 
Yagi array can be predicted. 
A set of experimental results for long Yagi aerials is shown 
Wig. 12, where the aerial length is increased and all other 
rameters are kept constant.!!_ The beam width calculated by 
inew approach is also indicated. It appears to tend to about 
for large numbers of director elements. The corresponding 
retical figure, as predicted from Fig. 11, using the experi- 
atally determined dipole-mode wavelength for a structure 
‘ing the same rod lengths and spacings as the Yagi array, is 
Agreement is quite good, although one would expect the 
retical beam width to be smaller than the experimental. 
t should be noted, however, that this analysis is strictly valid 
4y when all the power fed to the aerial is converted into a 
“ace wave, and will apply only to aerials which are long in 
me of wavelengths. In practice, Yagi aerials are quite short, 
_some part of the input power is radiated directly from the 
ven element. The direct radiation from the driven element 
y either increase or decrease the beam width.? The super- 
ition of the two radiation patterns will contribute to the 


be structure. 


An aerial with short elements would have a larger radiating 
aperture, as the field of the surface wave becomes more wide- 
spread about the guiding structure, resulting in a sharper beam, 
but at the same time one would expect a lower launching effi- 
ciency of the surface wave,!? resulting in a greater amount of 
power being radiated directly from the driven dipole, which 
has a low directivity. The optimum construction of the aerial 
for best overall performance would have to be found experi- 
mentally. 


(5) CONCLUSIONS 


tt has been shown that a non-radiating plane surface wave is 
supported by a Yagi-type periodic structure of conducting rods, 
and that radiation from the structure occurs only from a dis- 
continuity. The rod structure has been found to be analogous 
to a capacitively loaded transmission line for rod lengths less 
than A/2._ The dipole wave has been excited on the structure, 
and in a series of resonator experiments the propagation coeffi- 
cients have been experimentally determined for structures of 
different dimensions. With the aid of the aperture field approach 
the beam width can be predicted when these structures are used 
as aerials. Results are found to be in good agreement with 
experimentally observed radiation patterns for long Yagi aerials. 
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(8) APPENDIX: The Resonant Frequency of a Two-Section Trans- 
mission Line Short-Circuited at Both Ends 
Let Zp) and Z; be the characteristic impedances of the two 
sections of short-circuited transmission line shown in Fig. 6. 
The condition for resonance at a frequency w is given by 
W WwW 
Zp, tan—(L — 1) + Z, tan—/ =0 (20) 
% v1 
where v, is the phase velocity on the section of impedance 2, 
and length /, and vp is the phase velocity on the section of 
impedance Z) and length (L — /). 
resonance frequency we have 


(21) 


where the frequency of resonance for / = 0 is denoted by wo 
and is given by wo/vpl = nz. If now the value of dw/w is made 
sufficiently small, substitution of eqn. (21) into eqn. (20) yields 


W = Wy + dw 


tan 207 


2o77 — 1) sec? Gorm 
% % % 


bw w w 
| bad DepeAl 0 — 
cmd es I sec mas + tan 5°1 ) = 0 (22) 


For a small change in © 


where t = Z,/Zp. Let it be assumed that the phase velocities 
the two sections differ by a small amount only, 


V, =U + Ov POR cere 


Substituting eqn. (23) into eqn. (22) and neglecting secon 
order infinitesimals, we have 


(1 1) i 200 (‘ iat ) sin 229] 
is 3w =: Vo Wo ») Vo 
Wo / Vo 
an —+(1 = by 


Assuming the value of the impedance ratio ¢ to be near unit 
and also writing 


rain 


hae 
% Ao 
we have 
bw 1 v No l 
=f. (ba — 1) sin 40 — z 
Ae =( = +(t Bei 5 r : '@ 


which becomes identical with eqn. (10) on making ¢ = 1. 


1.382.333: 621.317.61 


SUMMARY 


e effective lifetimes of minority carriers in the bases of five types 
{ transistor have been measured under both steady-state and transient 
nditions as functions of emitter current. For alloy transistors, good 
eement is obtained by the two methods in an overlap range of 
nitter current, within which both methods are valid. The lower 
nitter efficiency of the surface-carrier transistor prevents a direct 
“mparison from being made in its case. 

‘For three types the effective diffusion constant apparently varies with 
nitter current over a range somewhat greater than that predicted 
r existing theory. 

‘he variation of base-to-collector current gain with emitter current 
Giscussed in terms of the separate variations of effective lifetime and 
“sion constant. 


LIST OF PRINCIPAL SYMBOLS 


A = Emitter area. 
A, = Area of base surface surrounding emitter that is 
effective for recombination at low injection level. 
‘cb» %eho = Short-circuit internal current gain, and its zero- 
frequency value, between base and collector. 
eq = Short-circuit internal diffusion-current gain between 
emitter and collector. 
Cr, Cc = Emitter and collector depletion-layer capacitance. 
D,, D, = Diffusion constant for electrons and holes, respec- 
tively. 
e = Electronic charge. 
fog = Cut-off frequency of the internal short-circuit 
diffusion-current gain between emitter and 
collector. 
G = Emitter input hole conductance of the internal 
transistor at zero frequency. 
J; = Emitter current. 
k = Boltzmann’s constant. 
1, = Diffusion length of electrons in p-type emitter. 
1, = Diffusion length of holes in n-type base. 
4p = Mobility of holes. ; 
n, = Equilibrium electron density in p-type emitter region 
for zero emitter voltage. 
_N,, Nz = Acceptor and donor densities in the base. 
P, = Equilibrium hole density in n-type base. 
T = Absolute temperature. 
Tp = Bulk lifetime of holes in n-type base for low injec- 
tion level. 
Tye = Effective device lifetime for low injection level. 
v = Surface recombination velocity for low injection 
level. 
Vy = Applied emitter-to-base p.d. 
Vc = Applied collector-to-base p.d. 


w = Transistor base width. 
é , , / , , , , . ara- 
es ls ys Ts: Tes. Y and w are effective values of the p 
eters defined above for arbitrary injection levels. 
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ME MEASUREMENTS ON COMMERCIAL TRANSISTORS AND THEIR RELATION 
TO THEORY 


By F. J. HYDE, M.Sc., Associate Member. 


(The paper was first received 13th February, and in revised form 15th August, 1957.) 


(1) INTRODUCTION 

One-dimensional diffusion theory has been used in the literature 
to predict the performance of an ‘ideal’ transistor, i.e. one in 
which the emitter-base and collector-base interfaces are planar, 
and whose base surface plays no part in controlling the diffusion 
process. Despite the fact that commercial transistors are non- 
ideal in the above sense, it is current practice, when formulating 
equivalent circuits for such transistors, to assume that one-dimen- 
sional theory does apply. In the present work an attempt has 
been made to show how closely an analysis of measurements of 
current gain can be made on the basis of the one-dimensional 
model. In this respect, particular reference must be made to 
two parameters, namely the lifetime and the diffusion constant 
of minority carriers in the base. 


(1.1) Life-Time of Minority Carriers 


The recombination of injected minority carriers in the base 
regions of transistors cannot be rigorously described by a single 
decay constant (or lifetime), because recombination is controlled 
both by the surface! ? and by the bulk material of the base. It 
has been shown by Moore and Pankove? and by Stripp and 
Moore‘ that the geometry of transistors and the surface treat- 
ment of the base exert a marked influence on the proportions of 
carriers lost through surface and volume recombination respec- 
tively. Despite this, there is much evidence that the experimental 
frequency-dependence of the a.c. parameters of practical transis- 
tors, under normal conditions of operation, are in close agree- 
ment with the theoretical frequency-dependence suggested when 
an effective lifetime, 7,,, replaces volume lifetime, 7,, wherever 
it occurs in the one-dimensional formulae.>~7 


(1.2) Effective Diffusion Constant 

An electric field* is developed in the base when minority 
carriers are injected into it,8-!° and this field, which increases 
with injection level, must be taken into account in the one- 
dimensional transport equations. An exact solution to these 
equations for all levels of injection is difficult to obtain, but 
Rittner? has shown that the solution has the same form at both 
low and high levels. The usual low-level formulae can be used 
directly at high levels, provided that the low-level diffusion 
constant for holes (D, for p-n-p transistors) is replaced by 2D, 
wherever it occurs (including its hidden presence in the diffusion 
length) and that 7, is multiplied by 


1 + 2pn/Na) exp (eVE/kT) 
It may be assumed that, in the transition region between low 


and high levels of injection, there is a gradual change of effective 
diffusion constant, D,, from D, to 2D,. 


(1.3) Base-to-Collector Current Gain 


Webster® considered the theoretical dependence of the base- 
to-collector current gain at zero frequency, «,,9, on emitter 


* The injection of minority carriers into the base is accompanied by an equivalent 
increase of majority carriers, which are drawn in from the base lead. The flow of 
these majority carriers increases the majority-carrier current from base to emitter and 
sets up in the base an electric field whose sense is such as to hasten the transport of 
minority carriers across it. 
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current for alloy-type transistors. Rittner? and Misawa’? 
carried out a more rigorous analysis of the problem, as a result 
of which the following expression arises for &,49* 


1 we D.n,w . we'Ay—! 
tren = ( —+—-" +o) gexiey (1h 
oT Dp Pala is 
If, instead, the transistor performance is evaluated in terms of an 
Ti 


effective minority-carrier lifetime, 7,,, the expression for og 1S 
ae D,Nyw\—! 
Lobo ( — 4 Fa . (2) 
2 D,Tpe DpPrln 


In these equations, and throughout the remainder of the paper, 
primes appear on those symbols which are, or may possibly be, 
dependent on the level of injection to an appreciable extent. 
Symbols without primes refer to the low-level values of the 
parameters. The use of 


ny = NplL + (2PalNa) exp (eVe/kT)] 


as discussed in Section 1.2, does not imply that ny, varies physically 
in this manner, but it is a convenient algebraic relationship useful 
in explaining the overall change of emitter efficiency with 
injection level. 

Apart from the variation of DB; and Ny discussed earlier, possible 
variables are A;, v’ and 7,. There appears to be no published 
information concerning variation of Aj, although it would be 
expected to increase approximately in proportion to the diffusion 
length J, = (D;7,)"/* for holes in the base. Armstrong et al.!! 
state that there is no evidence for variation of v’ at high levels 
of injection; these authors have also shown that, for germanium 
of 1-5 ohm-cm resistivity, the bulk lifetime is invariant at both 
low and high levels of injection, but increases by something like 
2:1 ina transition range between low and high levels. 

As a result of these considerations it is seen that the first term 
of eqn. (1) will fall with increasing injection level, the second 
term will probably first fall and then rise for a well-designed 
transistor, while the third term will probably change only 
slightly. Because the third term is dominant at low levels of 
injection and the second at high levels (the first term is usually 
insignificant), «p,q Will first rise and then fall continuously. It 
is germane to this theoretical treatment, therefore, that unless v’ 
and/or A; decrease markedly with increasing current, the ratio 
of the peak value of «49 to its zero-current value cannot 
exceed le 

An extension of this theory to ac. conditions proposed by 
Lo et al.!* is discussed in Section 8.1, as is the alternative approach 
in terms of an effective minority carrier lifetime. 


(2) EXPERIMENTAL WORK 


The present experiments have been designed (a) to provide a 
comparison of the effective lifetimes of minority carriers in the 
base regions of commercial transistors under both transient and 
steady-state conditions; (5) to measure the variation of the effec- 
tive diffusion constant of minority carriers in the base with 
emitter current; and (c) to study the effect of these two parameters 
on the measured base-to-collector current gain of the same 
transistors. All measurements were made using transistors of 
p-n-p configuration, at room temperature. 


(2.1) Transient Measurement of Lifetime 


The basic method was due originally to Gossick!3 and to 
Lederhandler and Géiacoletto.'4 A pulse of current is fed 
between the emitter and the base in the forward direction, with 


* Rittner? has an additional factor of 4 multiplying the third term. This arises 
because he assumes that the excess minority-carrier density has fallen to zero at the 
extremity of the recombination surface, Aj, remote from the emitter, whereas Webster 
assumes that the excess minority-carrier density is uniform at its maximum value over 
the whole of Aj. Because Aj is not well defined, the algebraic distinction is 
unimportant. 
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the collector electrically floating. A high impedance is presented 
in the emitter circuit to the flow of excess minority carriers bac: 
from the base across the emitter junction after the forward pulse 
of current has ceased, a biased thermionic diode being used 
for this purpose.'4 The resulting emitter-to-base open-circu 
p.d. is observed, using a high-input-impedance high-frequen 
oscillograph. 

It has been shown that, provided that the emitter-to-base p.d 
at the end of the pulse of current, V;(0), greatly exceeds kT/e, 
and that the level of injection is not too high, a simple relationship 
exists between the open-circuit emitter-to-base p.d., Vg(t), and 
the effective lifetime of minority carriers in the base, namely 


Vi(t) = Ve) — kTt/er;. 


This equation is derived on the basis of an assumed exponential 
decay of minority carriers, at the base-emitter interface, on cessa- 
tion of the current pulse. Diffusion effects inside the base can 
modify this dependence, as has been shown by North (in a n 
Appendix to the paper by Lederhandler and Giacoletto!*), and 
by Henderson and Tillman.!> Nevertheless, over a limited 
range of current an experimental decay having the form of eqn, (3) 
was actually observed. 
Recurrent pulses derived from a constant-current source are 
used in practice. In the present work the peak emitter current, 
which is the independent variable, was determined by measuring 
the mean direct current flowing in the emitter circuit and multi 
plying this by an appropriate form factor based on the observed 
pulse/space ratio. 


(2.2) Steady-State Measurements 


Measurements were made of the real and imaginary parts of 
the internal short-circuit current gain of the transistors under 
test, using the bridge described by Evans’ and illustrated i 


INTERNAL 
TRANSISTOR 


NULL 
DETECTOR 


SIGNAL 
GENERATOR 


Fig. 1.—A.C. bridge used for measurement of real and imaginary pa 
of ap at low frequency. j 
The ‘internal’ transistor is defined by the parameters in eqn. (13). 


Fig. 1. It is shown in Section 8.1 that the condition for balance 
of the bridge is 


(Yin + Ya) gat 1 
wat 


Here the admittance parameters y,; and y,, which are defined 
by eqns. (11) and (13) relate to the ‘internal transistor’, i.e. the 
practical transistor less the ohmic base resistance. C and R; 
are variable, while R, is fixed at 10-32 ohms; for one transistor, 
C was as low as 150pF at balance, so that care was taken to 
include the effect of stray capacitances. : 

The effect of surface recombination may be taken into account 


R 
—2(1 +jwCR;) ~ 
R, Xop 


her in the form of an effective lifetime or by using the extension 
oposed by Lo ef al.'? to Webster’s® zero-frequency theory: 
S extension amounts to considering a separate ‘surface-recom- 
nation admittance’ which varies with frequency as (1 + jars)'2, 
ae low-frequency approximations to eqn. (4), which are appro- 
date for the measurement frequencies used (between 1 and 
ce/s for the alloy-type transistors and 48 ke/s for the surface- 
Trier transistor), are derived in Section 8.1.2 for these two 
parate methods of approach, where it is shown that the proposal 
| Lo et al. is not in accord with the results reported by Evans’ 
‘ca type TA153 transistor. 
In the present work, therefore, the experimental results will 
interpreted in terms of an effective lifetime for minority 
rriers. Three important relationships given by eqns. (17)-(19) 
aich represent the low-frequency balance conditions of the 
(idge are repeated here, namely 
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ae evaluation of C;/G, to enable correction to be made to the 
(t-hand sides of eqns. (5) and (6), is discussed in Section 8.2. 


2.1) Discussion of Bridge Balance Conditions. 
qn. (5). 
| Provided that D,n,w/D, Ppl, < w?/2D,7,,, the right-hand side 
(eqn. (5) is effectively equal to 7,,. This inequality is expected 
hold at low currents for most present-day alloy-type transistors, 
it not necessarily for the surface-barrier types.!© The inequality 
-expected to become weaker as emitter current increases, 
cause of the relative variations of n, and 7,, that may be 
ected (see Section 1.3). 
It is difficult to make numerical allowance for the ‘emitter- 
dciency’ term D,n,w/D, Ppl, at high levels of injection, because 
lack of knowledge concerning p, and /,. It may be concluded, 
wever, that as emitter current increases and emitter efficiency 
ds the right-hand side of the equation will fall below 7,, to 
increasing extent. 


wn. (6). 
On the basis of existing one-dimensional theory already 
ecussed, an increase of 2 : 1 in D, is expected between low and 
zh levels of injection, so that the right-hand side of eqn. (6) is 
ected to decrease in the same ratio between asymptotic limits 
low and high currents. From the asymptotic high-level value 
CR, it is possible to determine w, because under these con- 
ions D, = 2D, according to one-dimensional theory and also 
BlG is negligible, so that [Evans’s’ eqn. (12)] 


| Wee ADI ORS. iy” wind icaah, oy aksho) 
wn. (7). 

IThe relative contributions of the two terms on the right-hand 
de to the variation of 9 with emitter current will be deter- 
‘ned by the variation of n, and Tpe as for CR, — Cg/CGR) 
scissed above. 


(2.3) Interpretation of Effective Lifetime 


The significance of the effective lifetime measured by the two 
bthods described has to be considered in the light of two 
ncamental differences concerning the minority carriers in the 
se under transient and steady-state a.c. conditions. 

The first is that, in the transient case, the minority-carrier 
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density at the base-collector interface increases above the thermal- 
equilibrium density,* whereas when the transistor is biased 
normally for steady-state a.c. operation the minority-carrier 
density at this interface approaches zero. The second is that an 
electrically-floating collector is not necessarily equivalent to a 
reverse-biased collector, when considered as a recombination 
surface. !7 : 

Because of these considerations, the effective lifetimes 
measured by transient and steady-state methods might be expected 
to differ somewhat. For alloy-type transistors, however, it has 
been shown? that recombination is determined mainly by a 
narrow surface belt surrounding the emitter, where the minority 
carrier density will be negligibly different in the two cases, so 
that no wide divergence of transient and steady-state effective 
lifetimes is likely. 


(3) EXPERIMENTAL RESULTS 

Measurements were made on germanium p-n-p alloy transistors 
of types TS2, CK760, CK762 and EWS59, and on germanium 
surface-barrier transistors of type SB100. All transistors con- 
formed to the manufacturer’s specifications and gave repeatable 
results. Measurements of the d.c. characteristics of the reverse- 
biased emitter and collector junctions showed that the leakage 
paths were ohmic and had resistances greater than 1 megohm. 
Results are presented in detail for one transistor of each type. 
Two transistors of each alloy-type and three surface-barrier 
transistors were investigated, and in each case the results were 
closely comparable. 

In each case graphs of CR;, CR, and R,/R, are plotted as 
functions of emitter current in Fig. 2. The experimental points 
from the bridge measurements are shown as dots and are 
joined by solid lines. Also shown are the corrected curves in 
which allowance has been made for C,/G. These are shown 
as dot-dash curves, and represent respectively the variation of 
CR,(1 — Cg/GCR,) and CR, — Cz/G. 

As is explained in Section 8.2, an absolute correction for 
Cr/G is not possible, because of difficulty in determining Cr. 
For this reason the deductions that may be made from the 
corrected data in Fig. 2 must be regarded, to some extent, as 
being tentative. 

The values of effective lifetime measured by the transient 
method are shown as crosses on the same graphs as CR,. The 
crosses are joined by solid lines for that range of current in 
which the transient decay curves were linear and by broken lines 
at the extremes of current at which slight departure from linearity 
was manifest. When such departures became gross, no readings 
were taken. 

The range of emitter current extended from 10puA to the 
maximum working current quoted by the manufacturers. 
Because of variation of emitter area from one type to another, 
the injection level is not the same in each case for any given 
emitter current. An idea of the relative emitter areas may be 
obtained by reference to the emitter depletion-layer capacitance 
data given in Section 8.2. (The emitter capacitance is directly 
proportional to emitter area, but only to the square root of the 
conductivity of the base region.) 


(4) DISCUSSION OF RESULTS 
(4.1) Effective Lifetime 


For all four alloy-type transistors there is good agreement 
between the effective lifetimes measured by the two different 


* Gossick!3 has suggested that the density of minority carriers in the base at the 
base-collector interface will be virtually equal to that at the base-emitter interface, 
apart from a small reduction arising from recombination between the emitter and the 
collector. In consequence, he suggested that V¢(0) ~ Vp(0). The minority-carrier 
density at the collector may, however, be further reduced because of the ‘feed-in 
feed-out’ effect described by Moore and Webster!7 and additionally because the 
collector area is usually greater than the emitter area. Measured values of the ratio 
Vo(0)/V (0) ranged from 0-6 to 0-99 in the present experiments. 
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Fig. 2.—Variation of (a) CR, and tf, (b) CR2 and (c) Ri/R2 with emitter current for several types of transistor at 21°C. 
(iii) CK762. 


(i) TS2. (ii) CK760, 


methods in that range of current for which both methods are 
valid. From the steady-state data it is evident that for two of 
these transistor types, namely the TS2 and EWS9, there is a 
tendency for the effective lifetime to increase, from what is 
probably an asymptotic low-level value, as the level of injection 
is raised. For the types CK760 and CK762, however, the life- 
time first decreases with increasing injection level. At still higher 
levels a subsequent rise is observed for the type CK760, while 
one may be inferred for the type CK762 if a lowering effect on 
CR, of falling emitter efficiency is assumed. 

The rise in effective lifetime at high levels of injection can be 
interpreted in terms of the general picture presented by Webster’ 
in discussing the variation of «,,9 with emitter current, as follows: 

The proportional loss of: minority carriers to the surface 
around the emitter decreases with increasing emitter current, 
because of the growth of an electric field in the base, which 
effectively transports away from the surface some minority 
carriers that would otherwise have recombined there. In con- 
sequence, the recombination of these ‘reclaimed’ carriers is 
governed by the bulk lifetime of the base material, which is 
much greater than the surface or effective lifetime. As was 


E> arti eo a4 
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(iv) EWS9. (v) SB100. 


mentioned in Section 1.3, it has been shown by Armstrong et al.!! 
that, for some germanium at least, the bulk lifetime, 7,, itself 
increases with injection level. Such an increase would contribute 
to the observed rise in 7,,, but only in a small way, because the 
effective lifetimes measured are much smaller than those of the 
bulk material of the base. There is an opposing effect, which 
should also be considered. With the increase of emitter current 
and hence base current, a transverse electric field will be set up 
in the inactive part of the base, which will tend to draw injected 
carriers away from the vicinities of the emitter and collector ~ 
junctions. This will increase the probability that these carrie: 
will recombine on the surface. Because a rise in effective life-— 
time is actually observed in passing to high emitter currents, i 
seems that this effect is of secondary importance. 
For the surface-barrier transistor the effective lifetime 
measured by the transient method is very much larger than 
the product CR, at all currents. It is also much smaller than 
the volume lifetime of the base material. Reference to eqn. (5) 
will show that if the emitter-efficiency term, D,n,W]D; Palns i 
dominant at all currents, CR, may bear no relationship 
effective lifetime, and in the limit the right-hand side become 


4t,/2D,Np. The steady-state results here are therefore com- 
}ible with a dominant emitter-efficiency term. The fall in the 
yve at high levels is explained by an increasing value for n;. 
ve transient results show a rise in effective lifetime at high 
ection levels, as for alloy-type transistors. 

[here is an apparent fall in effective lifetime for the types 
+760 and CK762 transistors in passing from low to inter- 
jate emitter currents. If this fall is real and not due to an 
dercorrection for C,/G, a qualitative explanation for this 
jaaviour may be made in terms of saturable traps for minority 
riers in the base, possibly induced by strains in the crystal 
tice. These traps would be most effective at low currents and 
refore give rise to an apparently greater effective lifetime 
der such conditions. With increase of emitter current the 
muration of these traps would render them impotent. There is 
‘independent experimental evidence to confirm this suggestion 
| p-n-p alloy-type germanium transistors. 

n the above discussion it has been assumed that the effective 
‘times are predominantly surface-controlled. This would not 
zessarily be true if a marked degradation of the bulk lifetime 
the base material took place during transistor fabrication, 
ugh an increase of recombination-centre density within the 
se. This could occur, for instance, if impurity-type recom- 
ation centres diffused in, or if strains were set up in, the 
stail. This is no firm evidence on this point, but the work of 
derhandler and Giacoletto!* shows that the extent of a possible 
gradation of bulk lifetime is insufficient to prevent surface 
atment from influencing the effective lifetime. 


(4.2) Effective Diffusion Constant 


“or transistor types TS2 and CK760 the variation of D, is 
hin the one-dimensional theoretical limit of 2:1, although in 
+h case an asymptotic value has not been reached at low 
rrents. By exercising some latitude in selecting the value of 
| to use in correcting the CR, plots, it is possible to constrain 
ito a 2:1 variation for the other two alloy-type transistors. 
this is attempted for the surface-carrier transistor, however, 
| corrected curve becomes markedly non-monotonic and has a 
nounced maximum, as may be seen in Fig. 2(v), so that for this 
sistor, by limiting to 2: 1 the ratio of the values of D, at high 
11 low emitter currents, this ratio will be exceeded in the inter- 
jate current range. The values of C; that must be used for 
types EW59 and CK762 transistors for Jz = 10 uA, to make 
value of CR, — C,/G at this current equal to twice the 
h-level value, are 190 and 52 pF respectively, in contrast to the 
culated values of 123 and 35pF. These differences can be 
blained in terms of a gross departure from the theoretical 
ationship for Cg in eqn. (29), in so far that the values of Vg 
Id have to be considerably greater than those measured 
tectly for the emitter-to-base terminal voltage appropriate for 
== 10 pA. 

‘n some cases, therefore, the one-dimensional theoretical 
atment of transistor performance can apply to practical 
sistors only if an effective lifetime, and also an effective 
“usion constant that is allowed to vary outside the one- 
mensional theoretical limits of 2 : 1, replace bulk lifetime and 
ority-carrier diffusion constant wherever they occur. 

‘A possible explanation of the excessive variation of D; may 
{hased on the scattering effect of the surface as follows: In 
setical alloy-type and surface-barrier transistors there is often 
pnounced curvature of the emitter-base and collector-base 
sriaces; this, coupled with the effect of the low surface recom- 
tation velocities that can be obtained, will mean that many 
‘riers injected into the base will, in fact, reach the collector 
,y after 3-dimensional diffusion, some of which will be into 
4 5ut of the surface layers near the emitter and collector. 
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Schrieffer!’ has shown that in surface channels the actual 
mobility of carriers (and hence their diffusion constant) may be 
reduced to as little as one-tenth of the bulk value; an average 
effective diffusion constant for carriers crossing from the emitter 
to the collector of a transistor can therefore be less than the free 
bulk value, provided that surface scattering has a pronounced 
effect on the diffusive motion of a significant number of carriers. 
It is considered that the effect of the surface in determining an 
average effective diffusion constant, D,, would decrease with 
increasing injection level for the same reason that 7,, increases. 

The explanation for low-to-medium-current behaviour of 7,, 
discussed in the previous Section, involving trapping, can also 
explain the apparently low values of D, that are deduced at low 
emitter currents. The effect of carrier trapping will be to reduce 
the effective diffusion constant below the free bulk value. With 
the saturation of the traps at medium and high emitter currents, 
their effect is nullified. 

Although there is no evidence of D, reaching an asymptotic 
value at low currents, in each case such a level was reached at 
high currents. Such consistency points in favour of accepting 
that, under these circumstances, the value of D; is indeed 2D,, 
as was assumed in Section 2.2.2. In these circumstances the 
base width, w, may be determined from eqn. (8). Values so 
obtained are given in Table 1. 


Table 1 


BASE WIDTH, Ww, CALCULATED FROM HIGH-LEVEL VALUES OF CR, 


TS2 CK760 CK 762 EWS9 SB100 
6:3 2°8 eZ 4-3 0-51 


Transistor type 
w, cm (x 10-3) 


It may be mentioned here that, because most practical alloy- 
type transistors have emitter and collector boundaries with the 
base that are concave inwards, w—which we have so far con- 
sidered as a well-defined parameter—will not be equal to the 
minimum emitter-collector spacing. It will be greater than this, 
because many of the injected carriers in the base will have to 
traverse a longer path. Because the proportions of injected 
carriers crossing the base by different routes will depend on the 
injection level, the weighting of these routes, which determine a 
mean w, will also depend on the injection level. In other words, 
w itself may be regarded as an effective parameter rather than 
an invariant one; it will, in fact, decrease with increasing injec- 
tion level, because, with the growth of the electric field in the 
base, a greater proportion of carriers will diffuse between the 
emitter and the collector by short routes. 

However, in interpreting the results it is convenient to consider 
w fixed in eqn. (6) and to regard the variation of w?/2D,, entirely 
as a variation of D;. The expected decrease of w’ with increasing 
injection level discussed above will then be reflected in a some- 
what greater variation of D, than would be deduced if w’ had 
been allowed to vary as well. 


(4.3) Current Gain 
(4.3.1) o& 49: Low-Frequency Value between Base and Collector. 


For types TS2, CK760 and SB100 the peak value of a, is 
not greater than twice the low-level value. It is known for the 
surface-barrier transistor that the emitter efficiency is low, even 
at low emitter currents. This is instrumental in reducing the 
observed ratio of the maximum value of «49 to its low-level 
value to less than 2: 1, despite the apparently large increase in 
Ds in passing from low to high emitter currents for this transistor. 
The behaviour of the types TS2 and CK760, on the other hand, 
conforms to the analysis given by Webster. 

The EWS59 and CK762 transistors show a range much greater 
than 2:1 for variation of op» 9. Reference to eqns. (1) and 
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(2) will show that, because the major part of the change occurs 
in a current range within which the emitter efficiency term is 
small, this change is caused by an increase in the product D T per 
or equivalently, since wv'A;/D,A ~ w?/2D,7,., by a decrease in 
v' A;|D,. Reference to the two preceding Sections shows that 
both D; and Tes show an overall increase in passing from low 
to high currents for the EW59 transistor, while for the type 
CK762 the change is accounted for by variation of D, which 
more than offsets an apparent fall in 7,,. 


(4.3.2) fog: Cut-Off Frequency of aed. 

The internal diffusion current gain, «,.g, between the emitter 
and the collector is given by —y,/yj,, where yf, is that part 
of ;1, as defined in eqn. (13), that arises from minority-carrier 
diffusion. f,g, the frequency at which |«,.4| is reduced to 1/4/2 
times its zero-frequency value, is related to D; by> 


a D, 
= —- 9 
faa 27 w2 0) 


In terms of the product CR, of the present work this may be 
written as 


Cr ot 
G 
Here a is a numerical coefficient whose precise value is a function 
of w/I,, where |, = (Dy pe)'!?, but which varies monotonically* 
only fom 2:43 ne w/l, = = 0 to 2-63 for w/], = 0-44. A mean 


value of 2-5 may be taken for a with good approximation for the 
transistors discussed here. In Table 2 a comparison of the 


a 
hal ae 4(CR2 a (10) 


Table 2 


CALCULATED AND EXPERIMENTAL VALUES OF fyg 


Sua 


Transistor 
type 


Calculated Measured 


experimental value of f,, and that calculated from eqn. (10) is 
made for all five transistors at an emitter current of |!mA. The 
experimental values of f,7 were determined* from measurements 
of the short-circuit current gain of the transistors using apparatus 
similar to that described by Coffey.!? Appropriate corrections 
were made to the measurements of short-circuit current gain to 
take account of internal feedback through the series path com- 
prising C, and ry 9—the collector depletion-layer capacitance 
and the external base resistance respectively—and so yield the 
internal diffusion-current gain. For the surface-barrier transis- 
tor, measurements of the internal diffusion-current gain were not 
possible beyond 50Mc/s. It was found, however, that up to 
this frequency the internal diffusion-current gain followed closely 
the theoretical form given by 


—Yoily¥, & sech 0 


where @ = w/I(1 + jw7,)'?, It was therefore possible to 

determine fig by an extrapolation based on this expression. 
Agreement between the experimental and calculated values of 

Sug is seen to be reasonably good for the alloy-type transistors. 


* Hype, F. J., and Smitn, R. W. (to be published). 


TRANSISTORS AND THEIR RELATION TO THEORY 


For the surface-barrier transistor the fig values obtained are 
considerably higher than those indicated by the manufacturers, 
which are based on data involving the maximum frequency of 
oscillation of the transistor. The measure of agreement shown 
is an indication of the closeness with which the theoretical one 
dimensional transistor formula for «,.q, modified to include an 
effective lifetime and diffusion constant deduced from lo 
frequency measurements, fits experimental high-frequency data. 


(5) CONCLUSION 


It has been demonstrated that the one-dimensional small-signa 
internal-transistor equations may be adapted to explain the 
experimentally-observed values of 59 and fxg for commercis 
transistors, provided that the bulk lifetime and diffusion constant 
of minority carriers in the base are replaced by effective values. 
The value of the effective lifetime to be used in these equations 
has been shown to be equivalent to that determined by an inde: 
pendent transient method: in general, this effective lifetime 
increases with injection level. There is evidence that the effective 
diffusion constant to be used in the modified one-dimensional 
equations varies outside the one-dimensional theoretical range 
OH PA 6 Ile 

It is worth noting that, because the assumptions involved it 
taking a one-dimensional model and in it replacing the key 
parameters by those governed by 3-dimensional behaviour are so 
gross, the further simplifying assumptions made by some authors 
when deducing an equivalent circuit for the practical transistor 
may be insignificant beside them. 

The interpretation of the experimental data has been attempted 
on the basis of the transistors having uniform current densities 
across the emitter-to-base interfaces. In a private communica- 
tion Webster has stated that the following types of imperfection 
are fairly prevalent in emitter recrystallized regions: (a) areas of 
very thin regrowth; (b) areas with no regrowth; (c) unwetted 
spots. These would undoubtedly make any clear-cut analytica 
deductions impossible, yet they might well account for some of — 
the effects observed. F 
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(8) APPENDICES 


(8.1) Conditions for Balance of Bridge 


‘A schematic for the bridge is shown in Fig. 1. In terms of 
2 admittance parameters of the internal transistor (i.e. ignoring 
), which are defined by 


ig = Valve + Y12%e } 


Io = Y21Ve + Y22%¢ 


(11) 


2. onditions for balance can be shown to be 


Rx(V11¥22 — Vi2¥a1) (12) 
Yoi + 22 


Re ost 22 1 2 
Z ein 22 


nere 1/Z = 1/R, + jwC. The derivation of the admittance 
emeters has been carried out by several authors for a transistor 
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with planar geometry and with unidimensional current flow: the 
nomenclature of Zawels?° will be used here with the exception 
of G, which here refers to an actual transistor of emitter area 4. 
If the collector efficiency is assumed to be unity but the effects 
of emitter and collector depletion-layer capacitances and junction 
leakages are included, 


MA = G6 coth @ + ye + Ye + jwCr 


_ __ G8 cosech 6 
Y12 K 
13 
Yo = — GO cosech 8 U2) 
G@ coth 6 ; 
V22i ae age + Yic + jwCe 
Ae 
where G= — tp pnredve 
6 = a + jw? 
(Dj7,) 12 P 
tee Dy ae : 
ES as W [2 
G Dida ea) 
ir eal Ws fore w eA¥o 
16 TNO 4 (Dyr,)l2 © eAve 


Here Y,, and Yjc are leakage admittances across the emitter 
and collector junctions, pz, is the mobility of holes, 7, is the 
lifetime of electrons in the emitter, Cg and Ce are the emitter 
and collector depletion-layer capacitances respectively, and 
A = e/kT. In practice, for good commercial transistors at low 
frequencies the admittances y,;. and y, can be ignored, as can 
the emitter leakage admittance Y;-, so that the condition for 
balance is closely approximated by 


adineides ea 
y21 Lop 


24 + jwCR) = (14) 
R, 
if R, is chosen to be small. 

The effect of surface recombination on this balance condition 
will be considered by two methods. The first embodies surface 
recombination in an effective lifetime, 7,,, which replaces 7, in 
the above equations, while in the second the effect of surface 
recombination is retained as a separate factor. This second 
treatment was initiated by Webster® for d.c. or zero-frequency 
conditions: in effect, a separate input admittance of the form 
Ysz = Gwv'A;/D,A is added to the one-dimensional admittance 
y1;- Lo et al.!? have suggested an extension to a.c. conditions 
which consists in multiplying Ysp by a factor (1 + jwr,)!/?. 


(8.1.1) Use of Effective Lifetime. 


For this case 
(Y,, + jwC,) sinh 6 
G@ 


a + jwCR,) = cosh @ — 1+ (15) 
1 


The low-frequency expansion of this for w/[D,7,,]!/* <1 is 


given by 
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GRice Ce = be (18) 
au GueelDs 

Ry _ . Waa Lie . (19) 
Rete 2 Dian Dah 


Note that these expressions differ from those given by Evans,’ 


in that the effects of injection efficiency and emitter capacitance 
are included. 

G is proportional to emitter current, whereas Cy varies much 
more slowly with emitter current; in consequence, the term 
C,/G is important for currents of the order of a few hundred 
microamperes and below for practical transistors. For larger 
currents this term is negligible in practice, although theoretically 
Cr will rise very rapidly as the emitter-to-base p.d. approaches 
200mV. For practical high currents eqns. (17) and (18) become 


2 er Bee il 
CR w G Ses (20) 
2D.N2 Dire Dbl 
Cpe (21) 
2 2D. 


If the level of injection is not too high, 


, a: 
D,Npw w* 
n'"p < 


Di Pibn <i 


, 


so that CR; ~ 7,,.. 


(8.1.2) Use of Separate Surface-Recombination Admittance. 
The form of the admittance will be taken as that suggested 


Gwv' A. ‘ 
by Lo ef al.,!2 namely Ysr(w) = sii (= jaw, )i2. From 


Dyw'A 


eqns. (13) and (14), 
_(Y%, + Ysr +j@Cp) sinh 6 
T G@ 


aa + jwCR,)= cosh 6 —1 (22) 
1 


The low-frequency approximation of this, for w/(D,7,)"/* < 1 is 
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As before, these results may be simplified for currents at which 
the term C,/G is unimportant, provided that 


D,npw w? 
Dio 2D 
when eqns. (24) and (25) become 
2 14? 2 
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(8.1.3) Discussion of Above Conditions. 

The fraction R,/R> of eqns. (19) and (26) is simply the zero 
frequency value of «,,, namely o,%9. There is a marked di 
ference, however, in the two expressions for the product 0 
CR, of eqns. (17) and (24) which arises because of the particular 
form of the frequency-dependence of Y p(w) suggested by Lo 
etal. The difference may be clearly seen if the emitter efficiency 
and emitter capacitance terms can be ignored, when from 
eqn. (20) CR, ~ 7,,, while from eqn. (27), even though v’ is 
infinity, the product CR, cannot theoretically be less than 7,/2. 
Evans’s results’ for a type TA153 transistor under suitable 
conditions show that CR, is of the order of 10 microsec, which 
is very much smaller than half of the bulk lifetime of the base | 
material of this transistor; Webster quoted 500 microsec for 7,. 
In view of this it seems that the a.c. extension to Webster's 
theory proposed by Lo er al. is inappropriate, unless a marked 
degradation of bulk lifetime had, in fact, taken place during 
transistor fabrication. 


(8.2) Correction for Emitter Depletion-Layer Capacitance 


For step junctions such as occur in alloy-type and surface- 
barrier transistors the expression for emitter depletion-layer 


capacitance is 
seca: 
Coie Alt g coed zene 
= | Vo — Ve) 


in M.K.S. units. Here € is the relative permittivity of the base 
material (16 for germanium) €) = 8-86 x 10~!? farad/metre, 
e = 1-6 x 10~!° coulomb, N, — N, is the net donor density in 
the base and V; is the applied emitter junction voltage. Vg is a 
constant under reverse bias conditions, and for the order of base 
resistivities involved in the present transistors is about 0-2 volt?!» 
at room temperature. Measurements of Cg with large reverse 
bias were made for the alloy-type transistors, using an admittance 
bridge operating at 100kc/s. The value of Vg above was con- 
firmed. Values of Cro, the emitter depletion-layer capacitance 
for Vg = 0 are given, with an estimated accuracy of 5%, in 
Table 3. 


Table 3 
VALUES OF Cgp FOR ALLOY-TYPE TRANSISTORS 
Transistor type TS2 CK760 CK762 EW59 
Gaw we oe 22 35 3 120 


For the surface-barrier transistor, a value for Cro of about 
4-SpF was estimated from manufacturers’ data. Stray capaci 
tance prevented a direct measurement for this transistor. 

In Section 8.1 the correction term C,/G arises. Theoretically, 
G ~ el;/kT, provided that Ig is considerably greater than the 
reverse saturation current, Js, of the emitter junction. The 
applicability of this relationship was verified, down to the 
smallest emitter currents used, from low-frequency measurements 
of the hybrid parameters, using a bridge of the type described _ 
by Boothroyd and Almond.*? The actual value of Cr for each 
emitter current was determined from eqn. (29), which was 
assumed to be valid for forward (positive) values of V using, 
instead of Vg, the measured d.c. value of the emitter-to-base 
terminal voltage appropriate for the particular value of J 5. Fou 
small values of J; this voltage should approximate to Vz, because 
the voltage drop across the external base resistance ro is ver 
small. 

For the types CK762 and EW59 transistors the measured 
values of the emitter-to-base voltage were somewhat smallel 
than the values of Vg expected from the theoretical relationship 


Tr = Is [exp (eVe/kT) = 1] . 


in which measured values of Js were used. 
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SUMMARY 


he paper describes experiments on the measurement of microwave 
»wer at 10Gc/s employing the Hall effect produced in single crystals 
_n- and p-type germanium when erected on the axis of a hollow 
etal rectangular waveguide carrying the power. So far as is known, 
sis is the first recorded observation of the Hall effect at this frequency, 
dit has been shown possible to apply the effect, with the help of a 
titable phase-adjustment device, to the design of a wattmeter. For 
§ purpose the Hall output from a crystal was calibrated against the 
wer measured independently, and the relationship was found to be 
iactically linear. 
From these power measurements and consideration of the conditions 
( operation of the crystal, the Hall coefficients for the n- and p-types 
{ germanium used were deduced and shown to be of the same order 
1 magnitude as the d.c. values. 
An investigation of the impedance of the crystal circuit led to the 
snclusion that the contribution to the Hall effect from the displace- 
nt current in the crystal was very small compared with that of the 
nduction current. 
lhe success of this application depends largely upon the development 
suitable crystal units, and towards that end new techniques were 
roduced. 


LIST OF PRINCIPAL SYMBOLS 
€, = Relative permittivity. 
o = Conductivity. 
Tn» Tp = Mean free time for electrons and holes, respectively. 
i = Instantaneous current in crystal unit; direction 
parallel to applied electric field. 
= poh = Instantaneous flux density in crystal unit. 
v = Instantaneous Hall e.m.f. 
e = Instantaneous electric field. 
S = Instantaneous Poynting vector, = ex A. 
J, B, E = Complex r.m.s. values of i, b and e respectively, 
- appropriate to sinusoidal signal. 
bv, S = Time average values of v and S. 
& = Hall coefficient. 
t = Thickness of crystal. 
Z = Shunt wave impedance of crystal. 
Zo = Wave impedance of Ho;-mode. 
B = Phase coefficient of Ho;-mode [=27/A,]. 
1 = Distance of short-circuit from crystal. 
p = Reflection coefficient. 
P = Total power flowing along the waveguide. 


(1) INTRODUCTION 


'In previous papers'~4 the application of the Hall effect in 
-mi-conductors to power measurement has been discussed and 
«perimental work on this development up to 4Gc/s has been 
sscribed. So far as the authors are aware, no observations 
ave previously been made on this effect at frequencies as high 
; :0Gc/s, although it is known>:® that the conductivity and 
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permittivity of germanium at these frequencies differ very little 
from the corresponding d.c. values. 

Benedict and Shockley’ measured the permittivity of high- 
purity germanium at 24Gc/s and found «, = 18-19 at room 
temperature. Experiments carried out by Klinger® at the same 
frequency show that the conductivity of pure germanium is then 
about half the d.c. value, but the relative permittivity remains 
practically unchanged at about 15:5. 

According to the theory developed by Kronig,? the microwave 
conductivity of a semi-conductor is given by 


Cd. 


1 + (wr)? 


7 =7T, for n-type 
T =T, for p-type 


o(w) = 


with 


for extrinsic conditions and by: 


ee | 1 1 | 
w) 7 d.c. it tony 1 + (@7,)? 


for intrinsic conditions, where w is the angular frequency of the 
microwave. 

Since the mean free time is the order of 10~!* sec for any high- 
purity germanium, it is to be expected that the microwave con- 
ductivity at 10Gc/s would be only slightly smaller than the d.c. 
value. At this frequency the displacement current in the semi- 
conductor becomes at least as large as the conduction component, 
but there has so far been no evidence that it contributes sub- 
stantially to the Hall effect. It is important, however, to bear 
in mind that only that part of the displacement current which 
arises from the presence of the material medium, and is therefore 
additional to the free-space current, can subscribe to the Hall 
effect.4 

The experiments described in the paper were designed in the 
first place to establish the existence of the Hall effect at 10 Gc/s, 
and, if that were successful, to apply the effect to measurements 
of the corresponding power. In the course of the work it was 
hoped to get some information about the contribution of dis- 
placement current to the Hall e.m.f. 


(2) THEORY OF THE METHOD 


If a small slab of semi-conductor is placed at the centre of a 
rectangular waveguide supporting the dominant mode, as shown 
in Fig. 1, so that the electric field, e, produces in the crystal an 
instantaneous current, i, a Hall e.m.f. will be set up along the 
x-axis, owing to the interaction of this current with the transverse 
magnetic field of the wave in the guide. The current i is shown 
as a vector quantity, its direction being the same as that of the 
applied electric field e. 

With uniform distribution of current and magnetic field over 
the small cross-section of the slab, the instantaneous Hall e.m.f. 


is given by 
Rr. 


[53 ] 
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Fig. 1.—Principle of wattmeter. 


The time average of the e.m.f. is therefore 


5 = Re (2)rx Be] aaa See 


where B* is the complex conjugate of B. 

Since the Poynting Vector of power flux density is S = E x H 
and its time average is S = Re [E x H*], H* being the complex 
conjugate of H, ® will be directly proportional to S$, when 
the values of J and B are suitably related to those of & and 
H respectively, and when the directions of the vector quantities 
are those shown in Fig. 1. In particular, it is important to 
ensure proper adjustment of the phase of the current through the 
crystal with respect to the microwave magnetic field, and this is 
conveniently established when the time average of the Hall e.m.f. 
is zero with the waveguide terminated in a short-circuit. The 
device should then operate as a wattmeter for power passing 
along the waveguide, this power being equal to S, integrated 
over the guide cross-section. 

To provide the necessary conditions, a small slab of germanuim 
crystal is erected at a point on the axis of a waveguide, as shown 
in Fig. 2, and wires attached in the E-plane to the crystal are 
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Fig. 2.—Crystal circuit. 


joined, on one side directly to the wall of the guide and on the 
other to the centre conductor of a coaxial line having an adjust- 
able piston at its end for the purpose of phasing the current 
through the crystal. 

Suppose that the effect of the crystal with its associated coaxial 
line is equivalent to a shunt wave impedance Z across the wave- 
guide at the point at which it is erected. Then the total impe- 
dance at this same point, looking from the generator to the load 
when the waveguide is terminated at a distance J in a short- 
circuit, is 

jZZ, tan fl 
i ~ Z + jZo tan pl seielaioneas inate 
and the corresponding reflection coefficient is 
= Z + j(Zi= Zo) tan pl 3 
Z +j(Z + Zp) tan Bl eS ee 


Pst 
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When the waveguide has a matched termination the impedance 
Z,, and reflection coefficient p, looking towards the load from the 
crystal will be 


ZZ. 
— 4 
4a Z+Zo ¢ 
ez, 
= — — , 5) 
ET OF tees (5) 


This reflection coefficient for a matched load differs from zero 
owing to the presence of the crystal circuit. 

When an electric field E;* is incident on the crystal circuit, a | 
current, J, is induced in it and this produces a secondary electric © 
field, E,, related to the total current J through the crystal by the 


equation’? 
Es. - (2 Ae an (2 =) erst ae 


This assumes that the crystal and the wires attached to it are 
small, so that they can be regarded as a straight filament stretched 
across the waveguide and causing only a slight disturbance of the 
field in it. 

Now, in respect of the dominant mode, Ey is related to Ey 
by the reflection coefficient p,; with a matched load beyond the 
crystal (so that p; arises from the crystal only) and | 


Ey. a prey . . . . . . (7 , 


Thus, since the crystal is on the axis of the waveguide and 


ate 30) 
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With p,; small, so that the field in the waveguide remains 
relatively undisturbed, the total power along the guide is — . 


oo 


P= ESH+ i a ee 
Ey Ag [Ho 
and HF = Zo = 1. m (10 
giving P= ters, |(2) (EP PE 
20%" de V \ Ho 


Since the contribution of the displacement current in the 
crystal to the Hall effect is unknown, we assume Hall coefficients 
A, for the effect arising from the conduction component and #y 
for the corresponding effect arising from the displacement 
component. 

The ratio of these Hall coefficients is 


<I 


Then, remembering that it is only the displacement current 
through the material medium that is effective in supplementing — 
the conduction current, the equation for the time average of the 
Hall e.m.f. will be modified to become 


5 ne{ 262 Ip) 
t oa + jwe a 


If E} is purely real, then, for a matched load, 


A 
BP = bof = Et / (Hoe 0) > 
S$ 


Combining eqns. (11), (13), (14) and (8), the time average of 
ae Hall e.m.f. for a matched load is 


R 2 anieia 
Os ire | Ey ben a Re E eats 7 
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o + jJwe 
ee oa + jwr(e — €p) 
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ad is directly proportional to the power. 

Thus, if the reflection coefficient, ,, for a matched load, the 
call e.m.f., 6,, and the power, P, at a given frequency are 
easured, eqn. (15) enables the Hall coefficient, Z, (for conduc- 
n current) to be calculated. 

If 7, is the conduction component of the current through the 
rystal whose dimensions are s, t and d (see Fig. 1), the power 


issipated in it is 
d 
Poe y 2() 
o = El? ( — 


there 1 = ae 


Yhen the waveguide is terminated in a matched load, eqns. (8) 
ad (11) can be used to find the ratio of the power consumed in 
ae crystal to that in the load, i.e. 


Pe “leat, |(22) + o nce) 
oast ie + we? 


Now suppose that the Loc s ca is short-circuited by a piston 
t a distance / from the crystal not precisely an integral number 
fF quarter wavelengths, so that the shunt impedance of the crystal 
high compared with the impedance presented by the termina- 
n of the guide. Measuring positive values of / from the short- 
reuit, we get standing waves of electric and magnetic field, 
ong the axis of the guide, represented by 


Es = j2E; sin Bl 
Hor 2H? cos,pl 


(16) 


(17) 


‘ith magnetic flux density 


A 
Bs = bos => 2Ey VW (Ho€0) > Cos Bl (18) 
Se 


he corresponding current induced in the crystal circuit is 


= s= — Pps) (2 ) sl sin Bl 


ince Bt = Bs, the time average of me Hall e.m.f. when the 
vaveguide is short-circuited is given by 


(19) 


x 4b2 <9 42 x 2 " 
— — eae Ee ) (x) sin Bl cos fl 
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‘ut 6, = 0 for proper adjustment of the phasing piston, so that 
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ne interpretation of eqn. (15). 
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py can be measured, and if its value is 


Pie Pp eaasp (22) 


/ —- tt ( oO ) 
PrcksBanhyraee 
fe ae) ,, WE — €q) 
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and the corresponding value of #, can be calculated. When 
| =~ n(A,/4) and the impedance presented at the crystal by the 
termination of the waveguide is large compared with Z, then 


even under these conditions of a short-circuited waveguide a 
residual Hall output will appear, given by 


then r= (23) 


kee = A\2 
*s = o(5.) 
o + jwr(e — €9) * 
ve gaeale (1 — po) + po)} (24) 
where po = 7 


It is therefore desirable, when adjusting the piston associated 
with the coaxial line in the crystal circuit, to give correct phasing 
of the current J, to avoid the condition / ~ n(A,/4), but in any 
case if Z is large the error is small. 


(3) EXPERIMENTAL ARRANGEMENTS AND THEIR APPLI- 
CATION TO THE DESIGN OF A_ HALL-EFFECT 
WATTMETER 

To examine the behaviour of a small germanium crystal when 
mounted in a waveguide, experiments were made using a standard 

waveguide bench. A 9360 Mc/s microwave generated by a c.w. 

magnetron was passed in turn through a variable water-tube 

attenuator, a wavemeter, a standing-wave indicator and the 
transmission-type Hall-effect wattmeter under investigation, 
being finally absorbed by a matched load or reflected by a short- 

circuiting piston. The wattmeter unit itself is shown in Fig. 3, 


Fig. 3.—Transmission-type Hall-effect wattmeter unit. 


where P, is the coaxial-line piston for the adjustment of the phase 
of the current in the crystal, and P, and P; are pistons associated 
with coaxial-line Hall output leads so as to give the highest 
possible h.f. impedance to these leads and at the same time to 
eliminate residual rectifier action. 

One of the current leads to the crystal was attached to a point 
on the wall of the waveguide immediately opposite it and the other 
to the centre conductor of the coaxial line with piston P,;. The 
Hall leads, on the other hand, were d.c. insulated from the 
centre conductors of the coaxial lines with pistons P, and P3. 
To establish the correct positions for these three coaxial-line 
pistons the following procedure was adopted. 

First, each piston was placed at a distance of about 3/4A from 
the opening of the corresponding coaxial line into the waveguide, 
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which itself was terminated in another short-circuiting piston, 
thereby setting up a pure standing wave with no power passing 
along the waveguide. 

The pistons P, and P3 were then reset to reduce, so far as 
possible by this means, the output from the Hall leads, and this 
was followed by an adjustment of the phasing of the current 
through the crystal by the piston P, to bring the output at the 
Hall terminals to a minimum for all positions of the short- 
circuiting piston at the end of the waveguide. 

In principle, the condition to be established is represented by 
eqn. (24), but in practice there are spurious effects which make 
it difficult to achieve this precisely. Thus there is almost 
inevitably a superimposed residual rectifier output at the Hall 
leads, but this can be distinguished because, unlike the true Hall 
effect, it does not change sign with reversal of the direction of 
the power in the waveguide. Another effect, to which Stephen- 
son has called attention* as being the cause of possible distur- 
bance when the guide supports a large standing wave, is 
unbalance of the thermo-electric e.m.f. at the Hall contacts on 
the crystal. If there is a gradient of electric field stationary in 
space across the dimension s of the crystal then there is a 
tendency for one of the Hall contacts to be heated more than the 
other, giving a differential thermo-electric e.m.f. Semi-conduc- 
tor-to-metal contacts exhibit a very large thermo-electric effect, 
which is about 400 wV/deg C with pure germanium,!! and conse- 
quently even a small temperature gradient in the crystal may be 
significant. Moreover, when the section of waveguide in which 
the crystal is erected is turned end for end, keeping the position 
of the crystal in the standing-wave pattern the same, the tem- 
perature gradient in the crystal will be reversed and therefore any 
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Fig. 4.—Output patterns for waveguide short-circuited at termination. 


—— Norma] arrangement of crystal unit in waveguide. 
—-— Crystal unit turned end for end in waveguide. 


(a) Electric- and magnetic-field components of standing wave. 
(6) Output from Hall e.m.f. 

(c) Output from residual rectifier action. 

(d) Output from differential thermal e.m.f. 


differential thermo-electric e.m.f. will also be reversed. In these 
circumstances, the true Hall effect similarly changes sign. Thus, 
the three components of output at the Hall terminals for a pure 
standing wave in the waveguide are as shown in Fig. 4. 


* Further details will be published later. 


Thermal e.m.f. may be distinguished from true Hall e.m.f. by 
following the variation of output from the crystal that accom- 
panies changes in the phasing of the current through it when the 
piston P, is moved. The thermal e.m.f. depends only on the 
gradient of the square of the electric-field component of the 
standing wave in the guide, and this is comparatively little influ- 
enced by the position of P,, while the Hall e.m.f. changes its 
sign with change of phase of the conduction component of 
the crystal current in relation to the magnetic field. A metal- 
foil electric screen covering each end of the crystal to which the — 
Hall leads are attached practically eliminates any thermal e.m.f. | 


The rectifier output, however, is a more difficult problem, but | 


residual effects from this source can usually be reduced to a low» 
level by a final readjustment of the pistons P, and P3 after Py | 
has been set to give the correct phasing. 

The output voltage at the Hall terminals was measured — 
by a photocell galvanometer-amplifier having a sensitivity of 
10-3mm/V with an input impedance of 100 kilohms. 


ment was calibrated against the power absorbed by a differential 
thermal wattmeter.!2 

The success of this application depends very largely on the 
preparation of the semi-conductor element. It is obviously — 


desirable to make the crystal as small as possible and of high q r 


impedance, so as to avoid disturbing the field in the waveguide 
more than necessary. 


Measurements were made on a number of a and p-type | 


germanium crystals of various resistivities, but the best results | 
were obtained with a very small n-type germanium single crystal | 
and a capacitance-coupled gold-diffused p-type germanium single 
crystal. The following particulars refer to these. 


(4) PREPARATION OF CRYSTALS 


(4.1) n-Type Germanium Single Crystal 


A small slice cut from a single-crystal ingot of n-type ger- 
manium having a resistivity of 11 ohm-cm was ground with 
Carborundum powder in water and then etched in HNO;-HF 
solution to give a final size of 0-88 mm long, 0:-5mm wide and 4 
0:125mm thick. Four 41s.w.g. tinned-copper wires were — 


soldered with the help of an organic flux to the centre of each 


edge of the crystal. To do this, the four wires were stretched 
side by side supported by two pieces of spring metal and the 
crystal was inserted transversely between the wires so as to 
separate them. Sufficient current was then passed through the 
wires to melt the surface tinning at the points of contact with the _ 
crystal. Using this procedure, each soldered area was less than — 
0:02mm?. After attachment of the leads to the crystal, it was 
carefully cleaned in hot water and in alcohol. The final measured 
resistances between opposite faces of the crystal were 1950 and 
1450 ohms respectively. 


(4.2) p-Type Capacitance-Coupled Gold-Diffused Germanium 
Crystal 


The need to provide a high-impedance crystal circuit has 
already been pointed out: this reduces not only the power — 
absorbed by the crystal, but also the rectifier action. 
same time, if a high-resistivity crystal is used, the displacement 
current becomes a larger proportion of the whole, so that, to 
meet the required phasing condition, it is necessary to introduce 
into the external crystal circuit a correspondingly large capacitive 
reactance. This is not easily achieved with the piston Py. By _ 
making capacitance connections to the crystal for the current _ 
leads, not only are the required phasing conditions more easily 
satisfied, but rectifier action is avoided at these contacts and a 
screen is provided to eliminate any thermal e.m.f. by maintaining 


When 
the waveguide was terminated by a matched load, the instru- | 


At the — 


uniform electric-field distribution over the ends of the crystal, 
ven when a large standing-wave exists in the waveguide. 

Based on these principles, a capacitance-coupled crystal was 
orepared, a special technique being employed to reduce to 
aegligible proportions any residual rectifier action at the Hall 
ontacts. A slice of p-type germanium having a resistivity of 
{5 ohm-cm was cut to dimensions of 1:-47mm x 0:625mm 
x 0:20mm. After careful surface treatment by etching, a 
small amount of gold-gallium alloy was diffused into the crystal 
Over a narrow region at both ends, to provide non-rectifying 
ntacts for the Hall leads, as shown in Fig. 5. 
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Fig. 5.—Gold-diffused capacitance-coupled crystal unit. 


The diffusion process was carried out in a high vacuum at 
bout 850° C for 10-15 min, a small pulse of current being passed 
hrough the junction to promote the diffusion process and ensure 
good electrical non-rectifying contacts. On each of these gold- 
iiffused areas a 41s.w.g. tinned-copper wire was soldered as a 
all lead. 

For the current contacts, a small brass plate of dimensions 
|-Smm xX 0-:25mm xX 0:025mm was attached, with a piece of 
‘hin mica as a separator, to each of the longer edges of the crystal; 
b1s.w.g. wires were then soldered to these condenser plates to 
form the current leads, the capacitance of each connection being 
stimated as about 1 pF. After completing the assembly, which 
was carried out with the help of a micromanipulator, the whole 
unit was covered with Distrene varnish and dried. 


(5) EXPERIMENTAL RESULTS 


(5.1) n-Type Germanium Crystal 


As a result of a careful analysis of the output pattern from the 
all terminals for a pure standing-wave in the guide, no thermal 
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Fig. 6.—Calibration curve for Hall-effect wattmeter using n-type 
germanium crystal. 
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e.m.f. was detected, but there was often some residual rectifier 
output which could be eliminated at any particular power level 
by readjusting the pistons P, and P3. 

After the correct setting of P;, P; and P; had been established 
the Hall output was calibrated against the power absorbed by a 
matched load. As shown in Fig. 6, the result was a linear 


OUTPUT, pV 


Fig. 7.—Frequency characteristic for n-type-germanium Hall-effect 
wattmeter operating on matched load. 


— Hall output. 
—---— Output from rectifier action. 
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Fig. 8.—Resistive and reactive components of wave impedance at the 
crystal, with waveguide open-circuited beyond that point. 
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relationship, and the proportionality constant was determined 
as 7:54V/watt. At high power levels the Hall output tends to 
rise more slowly, and this can be attributed to heating of the 
crystal. Employing, as it does, three tuning pistons, the device 
was extremely frequency-sensitive. Fig. 7 shows the Hall and 
the rectifier outputs over a range of frequencies when all pistons 
were set for one particular value. 

As a means of elucidating the behaviour of the crystal in the 
waveguide, measurements were made with a standing-wave 
indicator to obtain the impedance at the point at which the 
crystal was mounted, with an open-circuit beyond it. The 
resistive and reactive components of this impedance are shown 
in Fig. 8 for different settings of the phasing piston. The arrow 
on the curve indicates the normal operating position, which is 
clearly very capacitive. 


(5.2) Capacitance-Coupled p-Type Germanium Crystal 


Fig. 9 shows the output at the Hall terminals for a waveguide 
short-circuited at the end with a piston in different positions. 
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Fig. 9—Patterns of output from capacitance-coupled germanium 
crystal with waveguide short-circuited. 


—— Normal arrangement of crystal. 
—-—--— Crystal unit turned end for end in waveguide. 
—-— Electric field distribution. 


(a) Conduction current in crystal lagging applied magnetic field; P, is 23 mm from 
waveguide wall. 

(6) Conduction current in crystal in phase with applied magnetic field; P; is 23-5 mm 
from waveguide wail. 


(c) Conduction current in crystal leading applied magnetic field; Py is24mm from 
waveguide wall. 


Curves are given for three different settings, (a), (b) and (c), of 
the phasing piston P, and in each case for the section of wave- 
guide in which the crystal was mounted connected in circuit first 
one way and then turned end for end. The correct position of 
the phasing piston was found to be at about 23-5mm, which 
is significantly shorter than the corresponding position for the 


n-type crystal. It will be observed that the output patterns were 
inverted, as would be expected for the P, piston settings larger 
and smaller than 23-5mm. No thermal e.m.f. was observed, 
and the small amount of rectifier action could be made negligible 
by slight readjustment of the Hall pistons P, and P3. The 
general performance of this crystal was an improvement on the 
n-type. Fig. 10 shows the calibration of the instrument giving 
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Fig. 10.—Calibration curve for Hall-effect wattmeter using 
capacitance-coupled p-type-germanium crystal. 


e@ @ @ Normal arrangement of crystal. | : 
x X xX Crystal unit turned end for end in waveguide. 
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Hall output against power. Below 1 watt a reasonably linear 
relationship was obtained, but at higher power levels the Hall 
output began to decrease and the device became unstable as the 
power approached 2 watts. The measured wave impedance at 
the crystal with the waveguide open-circuited beyond it, was 
Z[Zy = 2-21 —j2-64. Turning the wattmeter unit end-for-end 
did not affect the output at the Hall terminals seriously, but there 
was a Slight difference between measurements of Z/Z) in the 
two cases. This was probably due partly to residual rectifier 
action at the Hall contacts and partly to asymmetry in the 
mounting of the crystal. ' 


(6) CALCULATIONS FROM THE THEORY AND ANALYSIS— 
OF RESULTS 


(6.1) n-Type Germanium Crystal 


The skin depth for n-type germanium of resistivity 1l ohm-cm | 
and relative permittivity 16 at 9360Mc/s is 2:53mm, and the 
ratio of conduction current to displacement current is o/we = 1:1. 

The majority-carrier (electron) density at room temperature is 
1-58 x 107° per cubic metre (assuming an electron mobility of 
3 600 cm?/volt-sec) and the corresponding minority-carrier (hole) 
density is 3-73 x 10!8 per cubic metre. Therefore the contribu- 
tion of minority carriers to the Hall coefficient is in this case 
negligible, and the theoretical Hall coefficient becomes : 


377 fall 
R = — | — = . 2 3 
8 (xg) 4:6 x 10°-*m?/coulomb 


From the experimental data given in Fig. 8 we find the normalized 
wave impedance of the crystal circuit to be Z/Z) = 1-56 — j1-09 
and its reflection coefficient for a matched waveguide termination 
to be p, = — (0°19 + j0-1). Putting these values into eqn. (23) 
gives r = 0°35. . 

Now we can proceed to calculate from eqn. (15) the value of — 
#,and from eqn. (16) the value of P./P using the following figures 
appropriate to this crystal: 


®,/P = 7-5 uV/watt 


a=0-01m 
b =0:023m 
t = 0:000125m 


d=0:0005m 


Ss = 0-000 88m 
A, = 0:0448m 

A = 0:032m 

1 
V (Ho€0) 
p_ = — (0-19 + 70-1), with r = 0-35, 

Thus we find: 

RB, = 1-20 x 10-2m3/coulomb and P,/P = 10% 


= 3 x 108 m/sec 


It will be observed that this value of the Hall coefficient at 
early 10 Ge/s is of the same order of magnitude as the 
neoretically calculated d.c. value. Moreover, the contribution 
com displacement current in the crystal to the Hall effect is 
all compared with that of the conduction current. But in 
aterpreting these results it is important to bear in mind that the 
Aeory is only approximate, and the conclusions drawn from 
nese calculations may be more qualitative than quantitative. 
‘rrors may be introduced, because 

(a) Temperature rise of the crystal during operation may produce 
more electrons and consequently decrease the Hall coefficient. 

: (b) The theory assumed that the crystal and the wires attached to 
it could be represented by a very thin filament. In fact, although 
the crystal was exceedingly small, it was probably large enough to 
give a significant reflection at the surface with the incident wave 
and this tends to increase py whilst decreasing the apparent #- value. 

(c) The crystal circuit was assumed throughout to have a com- 
paratively high impedance, and the effect of the Hall leads on that 
impedance was neglected. Measurements showed that Z was not 
really high enough fully to justify the assumption made. 


(6.2) Capacitance-Coupled p-Type Germanium Crystal 


The skin depth for p-type germanium of resistivity 15 ohm-cm 
nd relative permittivity 16 at 9360Mc/s is 3-40mm, and 
/we = 0-81. 

Taking the hole mobility as 1700cm7/volt-sec, the majority- 
arrier (hole) density at room temperature as 2:46 x 10° per 
jubic metre and the minority-carrier density (2°54 x 10!8) as 
wegligible, we find the theoretical d.c. Hall coefficient to be 
--0 x 10-2m3/coulomb. Since in this case Z/Z) = 2-21 — j2-64, 
we get pp = — 0:0945 —j0-0925 and r = 0-10, so that the 
ontribution of the displacement current to the Hall effect is 
‘elatively very small. 


Using these values in eqns. (15) and (16) together with 
6,/P = 5-4uV/watt 


a=0:01m 

t = 0-:0002m 

d = 0:000625m 
und s =0-00147m 


we find the Hall coefficient to be #, = 2:7 x 10~*m?/coulomb 
ind P,/P =2%. This figure for #, shows a closer correspon- 
tence to the theoretical d.c. value than did the equivalent figure 
jor n-type germanium. 

The improved performance and better agreement with theory 
n the present instance are considered to be due to the higher 
mpedance of the capacitance-coupled type of crystal unit and 
lhe lower dissipation in it. 


(7) CONCLUSIONS 
fhe experimental observations described demonstrate quite 
early the existence of a Hall effect in both n- and p-type single 
mstals of germanium at 10Gc/s. Hall coefficients deduced 
com these experiments are of the same order of magnitude as the 
o:tesponding theoretical d.c. values. 
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The contribution of the displacement component of the current 
in the crystal to the Hall effect was found to be small compared 
with that of the conduction current. 

This transmission type of Hall-effect wattmeter gives a reason- 
ably good performance for small power levels (below about 
1 watt), but it is seriously disturbed by temperature rise of the 
crystal when higher powers are used. This drawback can be 
overcome by using a directional coupler to feed the instrument 
when a large power is to be measured. The use of semi-con- 
ductors other than germanium may also lead to an improvement. 
The frequency sensitivity of the instrument can probably be 
diminished by including a resonant iris to reduce the dependence 
of the crystal impedance on frequency, but this has not yet been 
investigated. 
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(10) APPENDIX 


When the impedance of the part of the crystal circuit repre- 
sented by the coaxial line with its associated wires is very high, 
the current through the crystal will be supplemented by the 
direct action of the electric field in the waveguide and will be 


60 BARLOW AND KATAOKA: HALL EFFECT AND APPLICATION TO POWER MEASUREMENT AT 10GC/s 


partly collected as a displacement current from the surrounding 
air dielectric. 

In these circumstances, for a matched load, the supplementary 
crystal current is approximately given by 


I’ = ts(o + jwe)KES 


where K is the ratio between electric field within the crystal and 
the field outside it. 

For a small spherical crystal of germanium placed in a static 
and uniform electric field, 


3 1 


een eG 


~~ 


and for a similar crystal of infinite size having an electromagnetic 
wave incident upon it, 


Dy, 2 
| a eee ae 
V(ey+1 5 
In the present experiment the crystal was extremely thin, so 


that the former case will be more nearly applicable. The total 
current in the crystal is then 


€&o\ A ; 
IT=— pb | (2) re + ts(o + jwe)KES (25) 


and the corresponding Hall e.m.f. is - 


5= a, Re{| - pr (2) $6 


+ ts(o + jwok | 


so that, for a matched load, 


= &, r €o r 
Oia Ae uae) (Es )PRe| | a pra| (2) 7 


oa + jwr(e — €9) 


*U 
a + jwe B; 


o + jorle — eg) 


+ tsK(o + wo) | pines ; 


For the n-type germanium crystal used, we have 
€9 A A = 
—b = (8°3 4-4) 0° 
peal (G2) 5b = 83 + 4-4) 
taking pp = — (0:19 + j0:1) and 6b = 0:023m 


tsK(o + jwe) = (3°3 + 73:0) x 1077 
taking K = 4, 


and 


Hence, under the conditions of these experiments the supple- 
mentary current collected from the air surrounding the crystal is 
not really significant and can be neglected. 
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A PRECISION THERMO-ELECTRIC WATTMETER FOR POWER AND AUDIO 
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SUMMARY 


The output e.m.f. given by a conventional thermal convertor is not 
portional to the square of the heater current, and waitmeters using 
0 such convertors cannot therefore be used for the precise measure- 
ent of power. The causes of non-compliance with a square law are 
amined, and a means of compensation is given to provide a con- 
rtor system in which the output e.m.f. is within 0-1°% of the cal- 
dated square-law value. 

‘A wattmeter has been constructed in which negative-feedback ampli- 
ts are used to supply the currents to two compensated convertors. 
ac input signal voltages to the amplifiers are obtained from the 
ternal circuit by means of a precision wide-frequency-band voltage 
ansformer, a 4-terminal non-inductive current shunt and a high- 
sistance voltage divider. 

‘The insertion loss in the main current circuit is 0-1 volt at rated 
rrent, and the voltage-divider resistance is either 1 000 or 5000 ohms 
volt. The overall instrument error for all conditions of load and 
»wer factor is 0-1% over the frequency range 200c/s to 10kc/s, and 
3% for the range 50c/s to 30kc/s. 


LIST OF PRINCIPAL SYMBOLS 


‘Properties of the heater and thermo-couple wires of a thermal 
‘nvertor. 
Po = Resistivity of heater at temperature 7), ohm-cm. 
a = Temperature coefficient of resistivity. 
ky = Thermal conductivity of heater at To, 
(watts/cm?)/(deg C/cm). 
8 = Temperature coefficient of thermal conductivity. 
p = Perimeter of heater wire, cm. 
a = Cross-section of heater, cm?. 
/ = One-half of heater length, cm. 
€ = Emissivity coefficient of surface of heater. 
o = Stefan’s constant, watts/cm? deg K‘*. 
Ty) = Ambient temperature, deg K. 
> Ry = Resistance of thermocouple and heater wires respec- 
tively at J, ohms. 
I = Heater current, amp. 
64, = Mid-point temperature rise of heater, deg C. 
V = Output e.m.f. of thermocouple, volts. 


(1) INTRODUCTION 


‘When the measurement of power has to be carried out over a 
quency band covering some decades, or when the fundamental 
quency of the supply voltage has a large harmonic content, 
2 conventional form of dynamometer wattmeter is not capable 
precision accuracy, particularly when the circuit power factor 
lew. Electronic amplifiers have been used to supply one or 
** dynamometer coils in order to reduce the errors at the 
ghest frequencies, and various instruments designed for parti- 
lar types of operation have been described.!+?,3»4,° In one 
these> an accuracy of 0°2% of full-scale deflection at unity 
swer factor, and 0:6% at zero power factor, was achieved over 
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the whole of the frequency range SO0c/s-20kc/s. The upper 
limit of 20kc/s was set mainly by the performance of the indi- 
cating dynamometer instrument. In order to extend this limit, 
or to reduce the errors, it would be necessary to design a dyna- 
mometer having a resonant frequency of at least 300kc/s. This 
might be possible, but only at the cost of unduly reducing the 
instrument torque. In addition, the design of constant-current 
amplifiers to operate at higher frequencies with the variable 
inductive load of a dynamometer movement would introduce 
further difficulties. 

The use of thermal convertors, with their well-known excellent 
frequency characteristics, as measuring devices in place of 
dynamometers, therefore has a great attraction. A new instru- 
ment has recently been constructed at the N.P.L. in which the 
usual defects and errors associated with thermal convertors have 
been virtually eliminated. The accuracy achieved for all con- 
ditions of load and power factor is approximately 0-1% over 
the frequency range 200c/s-10kc/s, and 0-3% for the range 
50 c/s—30 ke/s. 


(2) THE THERMAL CONVERTOR AS A POWER-MEASURING 
DEVICE 

Thermal convertors, in which the e.m.f. developed at the 
terminals of a thermo-junction in thermal contact with an 
electric heater gives a measure of the current in the heater, have 
long been used for the measurement of power. Ina thermal watt- 
meter two convertors are used, one of which is heated by the 
algebraic sum of two derived currents and the other by their 
difference. If one of the derived currents is proportional to the 
circuit current and the other proportional to the voltage, the 
sum of the outputs of the two thermocouples in series opposition 
is proportional to power, provided that the two convertors are 
matched and that the output of each is proportional to the square 
of the heater current. 

In practice, however, thermal convertors do not obey this 
simple square-law relationship and consequently when they are 
used in a wattmeter errors up to several per cent may result. 


(3) THE CAUSES OF ERROR IN THERMAL CONVERTORS 


The characteristics of more than 30 commercially made 
vacuum-enclosed insulated thermal convertors were measured, 
and the results of a representative sample are reproduced in 
Table 1. In order to make more evident the effect of non- 
compliance with a square law upon the output e.m.f., the final 
column in the Table gives the quantity S: 


__ Output at rated current . ( Low current \? 
Output at low current ~ \Rated current 


The value of the low current was that which was necessary to 
give an output of about I mV. 

For all convertors tested, having heater materials of any one 
of the four common resistance alloys quoted in Table 1, the 
value of S was less than 0:98, the average being 0-95. In order 
to account for the non-linear relation between the output and the 
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Heater conditions 


| 


Material Current | Rated voltage 


Table 1 


Change in 
heater resistance 
from J/3 to J 
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Mean temperature- 
coefficient 
of output 


rating, [ drop 


an 


Nichrome 
Nichrome 
Nichrome 
Nichrome 
Constantan 
Constantan 
Constantan 
Constantan 
Manganin i 
Platino-iridium 


NNR RR Ke NNOC < 


ScoooooooHs 
ASDANABRUDAL 


* In most cases the temperature coefficient was found to be dependent upon the heater current. 


square of the current, it is necessary to examine the factors which 
may be responsible and hence attempt to assess their relative 
importance. The principal causes of error are (a) the tem- 
perature coefficients of resistivity and thermal conductivity of 
the heater material, (b) the radiation losses from the heater 
surface, and (c) the non-linearity of the e.m.f./temperature 
relationship of the attached thermocouple. An approximate 
analysis has been carried out (see Appendix) to evaluate the 
mid-point temperature rise of the heater of a thermal convertor. 
The results show that for heater materials of high-resistivity 
alloys this temperature rise, 0,7, can be given by 


I’ pol? 
2a*k 


Ba We 5 I pol? 5 I’ pol? 
ola Ge aOR: 6° 2a%k, ( 6P ne) 


es rae te 5 nIpol?\ * S psoT gl? 5% Fapol@ 
a ( 6P i (1 6P ) 


6 2a*ky 2a2ko 3 ako 2a*ko 
Ml peoT Gl? I7pol? ( ogh pol a a) 
5 akg 2a?k 6 2a*ko ; : ; ; 


This equation shows that, as the heater current is increased from 
a very small value, the mid-point temperature rise differs by an 
increasing amount from the value to be expected from the simple 
square-law relationship. The significances of the various terms 
are as follows: 


(i) The factor R,/R, + R, gives a measure of the cooling 
produced by the attached thermocouple. This may be con- 
siderable in low-current convertors, where the heater wire is 
usually thinner than the thermocouple wires. 

(ii) The error due to the term which is dependent upon the 
temperature coefficient of resistivity, «, rarely exceeds 2°% for 
the materials commonly used in the heaters of thermal convertors. 

(iii) The error due to the term which is dependent upon the 
temperature coefficient of thermal conductivity, B, is usually the 
largest in all convertors except those of the smallest current 
rating and may be as great as 20%. 

(iv) The remaining terms together give a measure of the errors 
due to radiation losses, which may amount to 10%. It will be 
noticed that these terms, which are proportional to T and T2I?, 
provide a factor giving a convertor a temperature coefficient of 
output e.m.f. which is current dependent. 

The net effect of these errors often results in a departure from 
the simple square-law relationship by as much as 20% at rated 
current. 

The temperature rise is, however, of interest only in so far as 
it is the cause of the output e.m.f. which is produced at the 
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terminals of the attached thermocouple. The law relating the 
output e.m.f., V, and the temperature of a thermocouple is 
generally given by 


v=[0,- onl] x + 273Y + x6, es a) 07 all 


where X and Y are coefficients dependent upon the thermo 
electric power of the two metals forming the junction, and 
and 9 the cold and hot junction temperatures respectively i 


to remain constant, eqn. (2) may be rewritten 
V=AyAt+yy) .... @ 


For the alloys commonly used in thermo-junctions, the coefficient 
A usually amounts to 40 or 50 wV/deg C and y has values ranging 
from —2 x 10-4 to 11 x 10-4, both dependent upon the 


dent upon the ambient temperature 6) and therefore this provides 
a second reason for the temperature coefficient of a thermal 
convertor. In a typical thermal convertor the output e.m.f., V 
at rated current is usually in the range 6-8 mV, which corresponds 
to a mid-point temperature rise of about 150°C. The effect of 
y changes the output e.m.f. for this temperature rise by amounts 
up to 15% from that which would be obtained from a linear 
relationship. An error additional to that due to the behaviou 
of the heater has therefore to be allowed in considering the 
overall characteristic of a thermal convertor. 

In order to obtain V in terms of J*, the value of 6,4 from eqn. (1) 
is substituted into eqn. (3). The expression is rather unwieldy. 
and it is not proposed to reproduce it here in full. It has been 
evaluated for several convertors, and the calculated outputs 
were found to agree with the measured values to an accuracy 
of a few per cent. Better accuracy is not possible owing to the 
uncertainty in determining the values of the parameters involved. 
The main use of the expression is for assessing the approximate 
magnitudes of the various error terms as the dimensions, 
electrical and thermal properties of the heater are changed. 
Sufficient accuracy for this purpose can be obtained by using a 
simpler expression of the form 


R, I*pol? 


V=A 
R, + Ry, 247k 


[1 + (La — MB — NT? + Py)I?] e 


Examination of various types of convertor with resistance-alloy 
heaters showed that the combined errors due to MB and NT 
outweighed those due to Lx + Py. 

The characteristics of about 30 convertors rated from 1} to 
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100 mA were determined experimentally, and it was found that 


3 actual curves could be matched to an accuracy of about 0:1 We 
| empirical laws of the form 


V~ KI? — AI?) (4a) 


aere K and A are constants. At rated current the values of 
? ranged from 0-02 to greater than 0-1. In well-constructed 
mvertors of medium rating, AJ? is of the order of 0:05 at rated 
wrent. If two such convertors were used in a thermal watt- 
eter which was adjusted to be correct at rated current and 
iltage and unity power factor, the scale errors at 3,4 and 4 
ced current would be 1%, 2% and 24% respectively. The 
ange in error at rated current and voltage and 0-5 power 
ctor would be 2%, and the change in error at half load due to a 
'% Variation in voltage at constant power would be 0:5 ibn 
er to obtain an accuracy of 0-1°%, AJ? must be smaller than 
1002 5. 


COMPENSATION FOR THE RESPONSE ERRORS OF A 
THERMAL CONVERTOR 

it can be seen from eqn. (4) that V would be proportional to 
if (La + Py) = (MB + NTZ). It is doubtful whether a 
sistance material could be found having such electrical and 
ermal properties that a heater made of it and allied with the 
wrect type of thermocouple would give a thermal convertor 
ssely obeying the law Voc J*, There are, however, materials 
mich have a very large positive temperature coefficient of resis- 
ity. When such materials are used as heaters in thermal 
vertors the effect of this large temperature coefficient out- 
tighs all the other effects and results in a law of the form 


aa de le teN Te) te: tym opis age) 


ow, if the heaters of two convertors, one responding to eqn. (4a) 
the other to eqn. (5), were connected in series, the combined 
tput (V + V,) would be proportional to the square of the 
erent, provided that KA = K,A,. Such an identity would be 
ficult to achieve without careful construction, and selection 
m a number of convertors would be necessary. But when 
3 heater of one convertor is shunted so that it carries say 1/n 
the current of the other, the combined output is proportional 
ithe square of the current, provided that n = 4\/(K,A,/KA). 
practical means of compensation for the response errors is 
ereby indicated. The value of m can be determined approxi- 
ately from a knowledge of the constants involved, or more 
ecisely by experimental trial and error. 
e materials selected as being suitable for the heater of a 
mpensating’ convertor were platinum and nickel, and con- 
tors rated at 25 and 35mA were commercially constructed. 
en these were tested, AJ? at rated current was found to be 
the order of 0:3. Various ‘compensated’ convertors were 
en assembled having current ratings of 10 and 25mA. Each 
sisted of either a 1OmA or a 25mA alloy heater convertor 
spectively in series with a shunted pure-metal heater convertor. 
e values of heater resistance and output e.m.f. at various 
ater currents having been accurately measured for each 
dividual convertor, it was possible to calculate the value of 
wanting resistance required for any particular combination. — 
Is all, six such combinations were tested, and in each case it 
6 found that the total output e.m.f. of the compensated con- 
iter system departed from the calculated square-law value 
| no more than 0-5% at rated current, i.e. the net value of Ar 
1 zot exceed 0-005. . 
Seccessive trial adjustments to the values of the shunting 
sis ances were made, and usually two were sufficient to reduce 


3 «rrors to about +0°1%. 


In no case was it found possible to obtain a shunting resistance 
that would reduce the errors to zero for all values of current, 
correct compensation at rated current resulting in slight over- 
compensation at the lower currents. This is due partly to the 
effects that are dependent upon the fourth and sixth powers of 
the current and partly to the change in shunting effect consequent 
upon the increase in resistance of the pure-metal heater with 
current. Jn order to reduce the latter effect the ratio of current 
in the shunt to current in the heater should be as small as prac- 
ticable, and because the relative increase of output with current 
of a convertor with a pure-metal heater is greater than the 
relative decrease of one with an alloy heater, it is desirable that 
the rating of the pure-metal heater should be higher than that 
of the alloy heater. Experiments indicate that a ratio of about 
2: 1 is satisfactory. 

It might be expected from eqn. (1) and (2) that in a fully com- 
pensated convertor the temperature coefficient of output e.m.f. 
would be reduced to zero. Although this ideal condition was 
not realized, the coefficient was reduced to about one-fifth of 
that of the uncompensated alloy convertors. Detailed figures 
of the performance of two compensated convertors are given in 
a later Section. 


(5) STABILITY OF THERMAL CONVERTORS 


It has been shown that it is possible to produce a compensated 
thermal convertor system closely obeying the square-law relation- 
ship and having a very small temperature coefficient of output 
e.m.f. These advantages would be of little use in the precise 
measurement of power unless they were accompanied by a 
reasonably high degree of stability. 


(5.1) Short-Period Stability of Alloy-Heater Convertors 


The short-period stability of thermal convertors is not usually 
regarded as being of a high order. Day-to-day changes up to 
0:2% and, to a small extent, minute to minute changes, have 
been observed. The author believes that the stability is really 
reasonably high and that the changes observed are due to varia- 
tions in ambient temperature coupled with a high temperature 
coefficient of output e.m-f. 

A 10mA convertor which had shown an apparent secular 
stability no better than 0:2°%% was therefore immersed in a well- 
stirred oil bath thermostatically controlled to +0:05°C. The 
convertor had a Nichrome heater, and its temperature coefficient 
of output e.m.f. was —0-15% per 1°C rise. After the convertor 
had been immersed for I hour its output e.m.f. was measured at 
rated current at frequent intervals over a period of one week. 
No change exceeding 0:5 uV, equivalent to better than 0-01 %, 
was observed at any time. It might therefore be expected that a 
convertor with a very small temperature coefficient would be 
stable to better than 0-1°% when used under normal operating 
conditions in air. 


(5.2) Long-Period Stability of Alloy-Heater Convertors 


It is well known that large momentary overloads may change 
the calibration of a thermal convertor by amounts up to several 
per cent. If, however, such conditions are avoided a reasonable 
degree of stability is obtained. The progressive change in the 
calibration of about a dozen alloy-heater convertors which have 
been used in precision transfer measurements has not exceeded 
0:5% ina period of 10 years. 


(5.3) Stability of Compensated Convertors 


A compensated convertor was assembled in which a con- 
vertor having a Nichrome heater was connected in series with 
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one having a platinum heater. The temperature coefficient of 
output e.m.f. of the combination was less than 0-03 % per deg C. 
It was tested at intervals in air at 20 + 2°C over a period of 
more than one year and no change in calibration exceeding 0:1 Y, 
was observed on any occasion. 


(6) SPECIFICATION AND DESCRIPTION OF A MULTI-RANGE 
THERMO-ELECTRIC WATTMETER 

A multi-range wattmeter was constructed using compensated 
thermal convertors of the type described for the final measuring 
device, arranged in a system where the voltage drop in the main 
current circuit did not exceed 0-1 volt, and where the current 
consumption of the voltage circuit was either 0-2 or 1!mA. The 
minimum current range was 0-1 amp and the maximum voltage 
range 500 volts, The accuracy over the frequency range 50 c/s— 
30 kc/s was comparable with that required by B.S. 89 for precision- 
grade wattmeters. The system adopted is shown schematically 
in Fig. 1. A non-inductive 4-terminal resistor R provides at 


Ry 


ALC .SUPPEY, 


POTENTIOMETER 


Fig. 1.—Circuit diagram for power measurements. 


R; Current shunt. 
R2 Tapped voltage-dividing resistor. 
0-1/1-0 voltage transformer. 
AMP 1, AMP 2 Amplifiers. 
TC1,TC2 Compensated thermal convertor networks. 


rated current a voltage of 0-1 volt which is stepped up to 1 volt 
by the precision voltage transformer T. The centre-tap of this 
transformer is connected to a point on the voltage divider such 
that at rated voltage its potential is 0-5 volt above earth. The 
two voltages fed to the inputs of the two amplifiers are thus the 
sum and difference respectively of two voltages derived from and 
proportional to the main-circuit current and voltage. The heater 
currents of the two thermal convertors are supplied by the out- 
puts of the amplifiers and ideally are proportional to the voltage 
inputs to the amplifiers. The thermocouples are connected in 
opposition, and the resultant e.m.f. is thus proportional to the 
power in the load plus that in the current shunt, together with 
the transformer losses. 


(7) DESCRIPTION AND PERFORMANCE OF THE COM- 
PONENT PARTS OF THE MULTI-RANGE THERMO- 
ELECTRIC WATTMETER 


(7.1) The Compensated Thermal Convertors 


One compensated convertor consisted of a convertor having a 
nichrome heater in series with one having a platinum heater. 


For the purposes of comparison the other compensated con- 
vertor used a nichrome and nickel combination. The com 
pensation and matching of the outputs was carried out experi- 
mentally as described earlier, and the detailed performance 
figures are given in Table 2. The heater current was measured” 


Table 2 

Measured values of V/17-920J2 j 
Approximate Approximate a 
heater current, J output 
Cree Ni-Cr + Pt Ni-Cr + Ni 
mA uV Q 
Wes 1000 | 1:0000 1-0000 | 
10:5 2.000 | 1-0010 1-0010 ] 
13 3000 1-0015 1-:0010 | 

15 4000 1-:0015 1:0010 
16:5 5 000 1:0015 1:0010 

19 6 500 1:0005 1-0000 

20 7000 -0000 1-0000 

21 8 000 0:9995 0-999 5 
Total heater-circuit resistance 13 ohms 13 ohms 
Change in resistance at 20mA +2:5% +3:-5% ¥ 
Temperature coefficient of +0-02% per <0:01% per | 
output e.m.f. (20-30° C) deg C deg C ’ 


and maintained constant to 1 part in 104, and the output e.m.f 
was measured with an uncertainty of 0-SV or 2 parts in 10°, 
whichever was the greater. 

The response time for full output to become established afte 
the application of current was approximately 5sec. This com- 
pares not unfavourably with the limits allowed by B.S. 89: 1954 
for the damping of indicating dynamometer wattmeters. 

The output of each compensated convertor was measured at 4 
heater current of 20mA at various frequencies from 50c/s to 
20kc/s; no change exceeding 2 parts in 104 was observed ove! 
this range. 

(7.2) The Amplifiers 


The design of the amplifiers has been described elsewhere.’ 
In the present application the normal full output current required 
is only 20mA and a small increase in the overall voltage ampli- 
fication has enabled the input voltage to be reduced from 2 volts 
to 1 volt. This and other minor modifications in the output 
stage have resulted in an increased stability margin at frequencies 
below the working range. The calculated maximum phase shift 
is now 153° at about 14c/s instead of 162° at 2c/s. Thestability 
conditions at frequencies above the working range are now more 
favourable, since the highly inductive dynamometer load has 
been replaced by a resistive thermal convertor. An upward 
extension of the previous working frequency range was required, 
and particular attention was therefore paid to the component 
layout and to the wiring in order to reduce unwanted stray 
capacitances. Examination of the waveform of the output 
current obtained with a square-wave input at a frequency of 
50kc/s indicated that the first peak of response with feedback 
connected occurred at a frequency in excess of 1 Me/s. 

The phase angle between the input voltage and the output 
current in the working range does not directly affect the accuracy 
of measurement, the magnitude of the output current being the 
criterion. Consequently the requirements are (a) that the output 
current of each amplifier shall be proportional to the input 
voltage and independent of frequency, and (5) that the two 
amplifiers shall give equal outputs for equal inputs. About 
40dB of feedback is provided, and it was found possible to 
satisfy these requirements to better than +0-1° for frequencie: 
from 40c/s to 30kc/s. The circuit diagram is shown in Fig. 2. 
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+300V 


1MQ,4W Cy 100 WF, 6 V (electrolytic) 
680 Q, 4 W Co 0-5 2F, 350 V (paper) 
3802, 4W C3 2 uF, 250 V (paper) 
100kQ,4W Cc, 500 uF, 12 V (electrolytic) 
39k QO, 4 G5 32 uF, 400 V (paper). 
150kQ,4W 
680 Q, 4 W Ib 50H, 80mA 
115Q,1W 
100 Q, 4W V1 CV 138 

o 3300,4W V2 CV 450 


= $0Q, non-inductive wire-wound. 
All resistors except RF are high-stability carbon. 


if, final overall test of the linearity with frequency of an 
mplifier plus a compensated thermal convertor was made in 
ch case by measuring the thermocouple output e.m.f. at con- 
ant amplifier input voltage. The two output e.m.f.’s were 
titially made equal for an input voltage of 1-0 volt at a frequency 
‘1 ke/s by adjustment of one feedback resistor. The frequency 
as then varied from 40c/s to 30kc/s, and no change in output 
m.f. greater than 3 parts in 104 was observed. 
(7.3) Voltage Divider and Current Shunts 

|The method of construction and layout of the voltage divider 
‘similar to that previously described.5 Seven main sections of 
sistance 2:5, 7:5, 22:5, 47-5, 97:5, 247-5 and 497-5 kilohms 
x provided which, with a 2-5-kilohm tapping section, gives 
bltage ranges of 0:5, 1, 5, 10, 20, 50 and 100 volts. The rated 
(rrent consumption for these ranges is thus 0:-2mA. The 
‘5 kilohm tapping section is, however, further subdivided at 
10 ohms, and using this as the tapping, ranges up to 500 volts 
lay be obtained with a current consumption of 1mA. The 
rre used for the three sections of the highest resistance was 
”¢ nickel-chromium-aluminium-iron alloy known as Karma, 
‘ diameter 0-000 6 in and having a resistance of about 2 200 ohms 
sr foot. The use of wire of such high resistance has enabled the 
verall size and the number of turns for these sections to be 
iduced to about one-third of that previously required. The 
maining sections used 0-001 or 0:002in diameter wire of the 
okel-chromium-aluminium-copper alloy known as Evanohm. 
ae temperature coefficient of resistance of all wires used was 
few parts in 10° per deg C. 
|The differences in time-constant between the tapping and main 
tions of the completed divider were measured and found to be 
ss than 0-05 »H/ohm. Capacitance compensation was applied 

necessary to reduce the time-constant difference to less than 
0? wH/ohm. 
Ife 4-terminal current shunts for providing a voltage propor- 
pneal to the circuit current are external to the wattmeter oS 
ae principles of their design have already been described. 
e connection between the potential points of the resistor and 
2 orimary leads of the transformer is made through a low- 
sistance Jow-inductance connector. 

VoL. 105, PART B. 


(7.4) The Voltage Transformer 


The design of a transformer to operate over a wide band of 
frequencies involves a balance among conflicting factors. At 
the low-frequency end, high primary inductance and low winding 
resistance are necessary, whereas low leakage inductance and 
capacitance are necessary to maintain a level response at the 
high-frequency end. The low-frequency performance can be 
improved by the use of high-permeability magnetic materials, a 
core of large cross-sectional area and a large number of turns. 
Both the last two devices, however, increase the leakage induc- 
tances and self-capacitances. The leakage inductances can be 
reduced by interleaving the primary and secondary windings, 
but only at the expense of increasing the inter-winding capaci- 
tances. 

The performance demanded of the transformer in the present 
application was that at any frequency of use the errors should 
not exceed 0:1 °% in ratio and 3 min in phase angle. The design 
and construction of a transformer to comply with these require- 
ments was based on the following considerations: 


(a) That low-loss magnetic material with an initial relative per- 
meability of the order of 30000 was available. 

(6) That the leakage inductances and self-capacitances would be 
kept to a minimum by the use of single-layer uniformly distributed 
windings on a toroidal core. 

(c) That the additional errors at the lowest frequency of use due 
to the shunting effect of the primary on the 4-terminal current shunt 
should not exceed 0:1°% in ratio and 10 min in angle. 


Since the minimum current range of the wattmeter was to be 
0-1 amp and the minimum frequency 50c/s, this final considera- 
tion necessitates a minimum value of about 1 henry for the 
primary inductance of the transformer. It was therefore decided 
to construct two transformers, one having a primary inductance 
of about 1 henry at 50c/s for use from 50c/s to 5ke/s, and one 
having an inductance about 0-1 henry at 500c/s for use from 
500c/s to 30 ke/s. 

Two toroidal cores, 4in o.d. and 3ini.d., of high-permeability 
nickel-iron alloy strip, 0:75in wide x 0:005in thick, were 
tested for initial permeability and power loss at various fre- 
quencies. The minimum values of initial permeability obtained 
were 30000 at 50c/s, falling to 10000 at 10kc/s. The cores 
were uniformly wound with primary windings calculated to 
give the required inductances, a gap of approximately #in being 
left unwound between the ends of a winding. In order to keep 
the winding resistance as low as possible, the primary winding 
was wound first, next to the core. A further advantage is to be 
obtained from placing the low-voltage winding next to thecore: 
the latter provides an easy path for capacitance currents between 
turns which are not adjacent, and their effects would be more 
serious on the high-voltage winding. The inductance and 
equivalent parallel resistance of the two inductors were then 
measured in a modified Owen bridge at various frequencies. 
The values so obtained were in good agreement with the values 
calculated from the tests on the cores. 

The high-frequency errors of a transformer are dependent 
upon the interwinding capacitances as well as the self-capaci- 
tances of the windings. The insulation thickness between the 
primary and secondary windings therefore has an important 
effect on the frequency range. Arnold’ has pointed out that 
as this thickness is increased from zero the product of the leakage 
inductance and capacitance decreases to a minimum and then 
increases, and he gives formulae to evaluate the relationship. 
For the transformers under consideration it was calculated that 
the optimum thickness was between 0:04 and 0:09in. Poly- 
ethylene tape and sheet to a total thickness of 0:07in was used 
as the insulating medium. For the transformer intended for use 
at the highest frequencies the experiment of using perforated 
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polyethylene sheet was tried. It was subsequently found that 
this reduced the open-circuit inter-winding capacitance by about 
20%. No inter-winding screens were used: a double screen is 
advantageous in concentrating the whole capacitance between 
two terminals, but it is impossible to use one without increasing 
the self-capacitances of both windings. 

The secondary winding for each transformer was then wound 
uniformly in a single layer, care being taken to cover the same 
part of the core occupied by the primary, and to dispose the 
secondary portions symmetrically with respect to the centre tap. 
Final binding with 0:002in polyethylene tape completed the 
construction. The total leakage inductance and the resonant 
frequencies with various conditions of connection were then 
measured. These values and winding data are given in Table 3. 


Table 3 


Transformer No. 1 Transformer No. 2 


Rating 0-1/1 volt 
Primary: 


Wire 


0-1/1 volt 


4x0-022 in enamelled, 
in square formation 
170 


4x0-022in enamelled, 
side by side 
62 


0-08 ohm 
0-12 henry at 500c/s 


No. of turns .. 
D.C. resistance 
Inductance 


0-23 ohm 
1-0 henry at 50c/s 


Secondary: 
Wire .. 
No. of turns .. 
Total leakage in- 
ductance referred 
to primary 
Resonant 
quencies 


0-003 2in enamelled 0-010 8 in enamelled 
1700 620 


40 uH 
150, 270 and 500kc/s 


5 4H 


fre- 450, 850 and 1 500 ke/s 


The ratio and phase angle of each transformer were then 
measured at various frequencies in a bridge circuit by com- 
parison with resistors having known a.c. characteristics up to 
20kc/s. One primary terminal of the transformer was connected 
to earth, and no changes in value were observed when the 
primary and secondary connections to the circuit were reversed. 
The uncertainty in the values of time-constant of the resistors 
was equivalent to an uncertainty of 2min in the phase-angle 


Table 4 


Transformer No. 1 Transformer No. 2 


Test 
frequency 


Primary 
voltage 


True ratio 
Nominal] ratio 


True ratio 
Nominal ratio 


-000 0 
-000 0 
-000 0 


-0000 
+0000 
-0000 


“0000 
“0000 
‘000 1 


“000 5 
-0010 
“0015 


SSS GSS Geo See 
COS SOO UNH 


measurements at 20kc/s. The results obtained are given if 
Table 4 and refer to zero secondary burden. 

The overall errors which obtain when the transformers are 
used to measure current, i.e. including the additional errors due 
to the primary shunting effects, were also measured and found te 
agree with calculation, being a maximum of 12 min of angle fora 
current range of 0-1amp at 5Oc/s with transformer No. 1, an¢ 
at 500c/s with transformer No. 2. 


(8) PERFORMANCE OF THE COMPLETE WATTMETER 


The two amplifiers, compensated thermal convertors, voltage 
divider and voltage transformer were assembled in a well 
ventilated metal box measuring approximately 29 x 15 x 10in_ 
deep. Five separate compartments provided electrostatic screen= | 
ing between the units. 

Initial overall tests of the wattmeter were made on the 12 


zero-power-factor error did not exceed 0-1% of full load for 
these conditions in the frequency range 300c/s to 10kc/s. Above 
10kc/s, however, the errors increased approximately propor 


Table 5 


Circuit 


Error % 


power factor 
500 c/s 


Range 0-1 amp using transformer No. 1 


Unity 
Unity 
Unity 
Unity 


Zero lag : 
Zero lead —0: 


o. 2 


Range 0-1 amp using transformer 


Unity 
Unity 
Unity 
Unity 


Zero lag 
Zero lead 


Ske/s 30 ke/s 
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nally to the square of the frequency, reaching about LAnat 
) ke/s. In view of the very small individual errors of the various 
uts comprising the wattmeter, this result was somewhat 
rexpected. It was deduced that the error was due to the 
ansformer. When forming part of the wattmeter the necessary 
nections alter the distribution of capacitances that obtained 
hen the transformer was tested as a separate unit. It was not 
und possible to test the transformer alone under the con- 
tions that obtain when it forms part of the working wattmeter. 
1e inputs leads of the amplifiers also contribute additional 
pacitance between one primary terminal and each secondary 
rminal of the transformer. The error due to the latter effect 
as investigated by connecting capacitance between the primary 
1d secondary, and it was found that about 60 pF caused a 
ange in error of 1% at 30kc/s. The input capacitances of the 
nplifiers were reduced by using the minimum possible length of 
mi-air-spaced concentric cable, but even so the errors were 
Jl in excess of those required. 
|The desired high-frequency performance was therefore obtained 
’ a method of compensation. Capacitance was connected in 
‘rallel with the heaters of the compensated thermal convertors 
by-pass the required amount of current. The effect of this 
‘passing was found to be negligible at frequencies below 
|ke/s. The results then obtained on the complete apparatus 
2 given in Table 5, the values referring to rated voltage on any 
ge. 
ae zero-power-factor errors at the lowest frequency of use 
: either transformer do not exceed 0:1°%% of rated load for 
rent ranges greater than 0-5 amp. 
fhe change in error due to a +10% variation in the test 
Itage at a constant power was less than 0-1 %. 


(9) CONCLUSIONS 


It has been shown that it is possible by simple means to com- 
sate commercial thermal convertors so that the net output 
f. is very closely proportional to the square of the heater 
rrent. The compensation leads to a reduction in the variation 
output e.m.f. with changes in the ambient temperature. These 
rovements enable the excellent frequency characteristics of 
“rmal convertors to be used to good effect in the precise 
asurement of a.c. power over a very wide range of frequency. 
as been found that the combined frequency response of a 
‘rmal convertor and an amplifier is constant to better than 
oarts in 10* from 40c/s to 30kc/s. Whilst no provision has 
en made for the separate measurement of current and voltage, 
se results indicate the possibility of constructing an ammeter 
voltmeter having errors not exceeding 0-1 % over this frequency 
ge. 

n the present apparatus the upper frequency limit for the 
‘urate measurement of power is fixed by the performance of 
voltage transformer. Above 10kc/s it has been necessary to 
wvide a form of compensation in order to reduce the errors 
30kc/s to about 4%. Whilst this compensation would be 
sctive in keeping the errors reasonably small at still higher 
juencies, an increasing dependence would be placed upon it, 
1 further extension of the frequency range by this method is 
recommended. 


(10) EXTENSION OF THE FREQUENCY RANGE 


The frequency range has been extended to 100ke/s and the 
acitance compensation dispensed with by using a third trans- 

er. This was designed for the frequency range 5-100 ke/s. 
rimary winding of 28 turns of two 0-094 x 0-005 in insulated 
“per tapes connected in parallel was wound on a toroidal core, 

o.d. and I4in id., of high-permeability nickel-iron-alloy 
5 ):Sin wide X 0-001in thick. The interwinding insulation 


was perforated polyethylene 0-07in thick, and the secondary 
winding consisted of 280 turns of 0-Olin diameter insulated 
copper wire. The primary inductance was 10mH at Skc/s, the 
leakage inductance about 1:5jH and the lowest resonant 
frequency about 2Mc/s. When tested alone over the range 
5-100kc/s the transformer errors did not exceed 0:1%. The 
wattmeter was tested at unity power factor using this transformer 
and with the capacitance compensation removed. The overall 
instrument errors were found not to exceed 0-1% for the range 
5-30 ke/s, less than 0:5 % at 60 kc/s and less than 1% at 100kc/s. 

It would prove difficult to reduce the time-constants of the 
voltage divider below their present values, and accurate use of the 
wattmeter at frequencies above 30kc/s is restricted thereby to 
circuits of high power factor. 
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M (13) APPENDIX 
The steady-state temperature rise, 0, of an elementary length 
dx of a uniform conductor heated by an electric current and 
cooled by conduction to its end terminals and by radiation is 
governed by the differential equation 
d6 ip ot)» pear? = T9) 6) 
dx akg 1 + BO) * ak o(1 + 88) 
A rigid solution of this equation would be difficult and the 
result unnecessarily complicated for the present application to 


the case of vacuum-enclosed thermal convertors. It is therefore 
assumed that 80 is small compared to unity and that the total 
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amount of heat radiated is small compared to that conducted. 
With these assumptions the following approximations may be 
made: 
(a) That 1/(1 + B@) = (1 — BO) and that this term may be 
neglected in the second term on the right-hand side of eqn. (6). 
(b) That T4 — T¢ = (Tp) + 0)4 — Té ~ 40T§ + 66°TZ. With 
these approximations eqn. (6) may be rewritten 


a0 1*po *perrs 
ee ar Pak 30] (6 
Wie mre + (% — B)O] + O[2T + 38] (6a) 
Writing — T"po = b and aes N, eqn. (6a) simplifies to 
ak ako 
d6 


— b[1 + @ — B)0] + 2NTZO[2T) + 30] —- (6) 


de 

If the resistivity and thermal conductivity of the conductor 

are invariable with temperature and there are no radiation losses 

eqn. (6b) reduces to 

SS 6c 

Te (6c) 

Considering the origin to be at the mid-point, the boundary 
conditions are d0/dx = 0 atx =Oand@ =Oatx = +1. 


b 
On integration 0= a — x) feel eee ee aH 4) 
bi? 
and the mid-point temperature rise is 0, = Ta eae (8) 


If each of the disturbing terms which cause eqn. (65) to differ 
from eqn. (6c) are small, sufficient accuracy will be obtained by 
substituting into (6b) the value of # obtained from eqn. (7) and 
solving the resulting equation. With this substitution eqn. (6d) 


becomes 
GtOue 
dx2 


oP + (@ — Ppt? — 4 


+ onTe er — x?) Ee + 35° 4 |} (9) 


Direct integration of (9) and application of the boundary 
conditions gives the mid-point temperature rise 
bl? 
— | (10 
a (10) 


> 2 
Ou f +3 7 (@—f)— NIBP — NIGP 

The terms in eqn. (10) are the same as the relevant terms given 
in Hermach’s® equation for the low-frequency error of a thermal 
convertor, which was developed in a similar manner. When 
eqn. (10) is evaluated for vacuum-enclosed thermal convertors 
having heaters made from the usual resistance alloys, it is found 
that the disturbance caused by the term in B is usually the 
greatest single cause of error and is frequently greater than the 
sum of the remaining terms. In some cases it may be large 
enough to prevent sufficient accuracy being obtained. A closer 
approximation would therefore be obtained by including the 
f term from the beginning and then using the value of 6 so found 

for substitution into (6d). 


Consider, then, the equation 


= — bl — BP) 


Integration and application of the boundary conditions gives 


—i cosh 4/(b8)x 
y al: cosh »/(bB)l | 


(11) 


(12) 


and the mid-point temperature-rise 


Loe 


5 pprya 4 SL p2n376 13) | 
Ou = 5 — apo) 4 age et Pes: . CSR 


A slight adjustment in the numerical coefficient of the term in h 
and neglect of terms of higher powers gives 


bl? 5 bl? 5 oie 
On = eli meh ) 


It is to be noted that the term in f in eqn. ey has been modified 
5 bi a 
by being multiplied by the factor (1 —s Bo ~): Thus by ta ng 


the first few terms in the expansion of eqn. a and with the sa ne 
slight numerical adjustment we may write 


(1 = cue ) 


and use this instead of 6 = 5/2(? — 
eqn. (6b), which then becomes 


dO b 5 bl 

aoe [1 +e phe —x(1- 38 | 
I 

(1 — 38°) x 


b 5 bl : 
Ee 350 = (1 — =p | ce) 


Integrating and applying the boundary conditions then gives 
the mid-point temperature rise 


oe? DM pe! 
6 = 50 


x?) for substitution inte 


ai 2NTE (I? = 


Z 2 
eee oh 2 co = ce 


ps 
tte ae 


5 5 


Eqn. (16) has allowed for the disturbing effects due to te ne 
perature coefficients of resistivity and thermal conductivity and | 
to radiation. In a complete thermal convertor a further dis- | 
turbance is caused by the attached thermocouple, and Goodwin" 
has developed equations to evaluate this effect. These show that 
the mid-point temperature rise has to be multiplied by a factor 
which is approximately equal to 


ayK pyle 
akrl. ae aK ely 


where the suffixes A and c refer to the heater and thermocoupl 
wires respectively. Assuming that we may put k,p, ~ kp, thei 
the above factor reduces to R,/(R, + R,), where R, and R, 2 
the resistances of the heater and thermocouple wires respe 
tively. Eqn. (16) must therefore be multiplied by this fact 
and the final expression, reintroducing the original symbols, cai 
be written as 


R Lp]? 
Gif eae Po 
M mg < ee | 


os aye oa 


= Ipol? 5 I*pol* 
+ 62a, 6 aati 


i) eae 5 oe 


5 péoT i? 5 512 pol am 
6° 2a2ky 6° 2a?k, (1 6 om 


3 ako 6° 2a*ky/ 
_ 11 peoT§l? I*pol? 
miss ako 2a*ky 


_ 5 pl’pol? 
6 2a*ky / 
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A NOTE ON THE FOURIER SERIES REPRESENTATION OF THE DISPERSION 
CURVES FOR CIRCULAR IRIS-LOADED WAVEGUIDES 


By P. N. ROBSON, B.A., Associate Member. 


SUMMARY 


€ dispersion curve for the lowest pass band in a uniform corru- 
ed circular waveguide, such as is used in travelling-wave linear 
eelerators, may be expressed as a Fourier series of period 27/(corru- 
ion pitch). Under the slowest conditions of convergence in the 
eguides investigated, an accuracy of +1 part in 15000 in the 
ermination of frequency corresponding to a given phase velocity 
1 be obtained by using only six terms of this series. For the majority 
Structures considered, three terms only are required. An empirical 
sression for the dispersion curve can thus be obtained from only a 
all number of experimental results, and is of considerable use in 
design of suitable slow-wave structures for accelerators. The 
aation of the dispersion curve can be readily differentiated to give 
group velocity at all points within the pass band. 
Tke validity of the method is illustrated using a selection of experi- 
tal results which have been obtained in the course of an extensive 
g:amme of measurements on corrugated slow-wave structures for 
ear accelerators operating at wavelengths around 10cm. 


LIST OF PRINCIPAL SYMBOLS 


a = Radius of iris hole in circular waveguide. 
b = Radius of outer wall in circular waveguide. 
c = Velocity of light in vacuo. 
D = Corrugation spacing. 

» — d) = Thickness of corrugation iris. 

f = Frequency. 

Ug = Group velocity. 

v, = Phase velocity. 

B = Propagation coefficient = 277/A,. 

Ap = Free-space wavelength. 

A, = Guide wavelength. 

w = Angular frequency. 


(1) INTRODUCTION 
e slow-wave structure used in the majority of travelling- 
e electron accelerators is the iris-loaded circular waveguide, 
ppagating the circularly symmetric TM mode, shown in 
tion in Fig. 1. In such accelerators the electrons and wave 


Fig. 1.—Section of iris-loaded circular waveguide. 


ve to travel in synchronism over many wavelengths for 
tive acceleration, and it follows that the phase velocity of 
- wave must be very closely matched to the electron velocity. 


rien contributions on papers ee ee without being rea 
ped fe ideration with a view to publication. | ‘ 4 
= Beton. who was formerly with the Metropolitan-Vickers Electrical Co. Ltd., 
‘0% at the University of Sheffield. 


d at meetings are 
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If the electron velocity at any point along the accelerator is 
known, it remains to decide on the dimensions of the corrugated 
slow-wave structure to give a phase velocity equal to this electron 
velocity. The corrugation pitch D is determined from con- 
siderations of cut-off wavelength and attenuation,!»? the iris- 
hole radius a is fixed by the desired series impedance, and the 
iris thickness (D — d) is sufficient to give good mechanical 
rigidity and to prevent excessively high field strengths along the 
perimeter of the iris hole. Typical values for these dimensions 
are: 


D[Xy =0:2  afAy = 0°13 [Ay = 0-175 


It is convenient to normalize these dimensions with respect to 
the free-space wavelength Aj. When suitable values for a, d, 
and D have been chosen, it remains to determine b/Ap to give the 
desired phase velocity v,. The problem of relating the above 
dimensions to phase velocity has formed the subject of several 
papers.2-5 The only analytical methods that give results suffi- 
ciently accurate for design purposes require considerable 
numerical work. In practice, a suitable structure is made and the 
variation of propagation coefficient with frequency is measured 
experimentally. From such information, obtained for several 
structures of slightly differing dimensions, it is possible by 
suitable scaling and interpolation to obtain the dimensions of a 
structure to provide any likely propagation coefficient at the 
design frequency. 

The group velocity v, of this type of corrugated structure is 
very low; a typical value being c/30. 

Since v, = dw/dB and v, = w/f it follows that 


ee (aes) 


ee a es =P) 
W Ug 


Now v,/¥, ~ 30 and since |dw/a| ~ |da/a| ~ |db/b| 


My) w — 39|4| ~ 20/5 
v, a b 


Thus a fractional change in either a or b produces approximately 
a 30-fold fractional change in phase velocity. It is necessary, 
therefore, to be able to determine the dispersion characteristics, 
i.e. frequency versus propagation coefficient, to a high degree of 
accuracy, say to 1 part in 10000 for a given propagation 
coefficient 8. For the structures considered later, an extremely 
simple semi-empirical expression of high accuracy can be 
obtained as outlined in the next Section. 


(2) THEORY 


It is known that, for wave propagation in any lossless periodic 
waveguide structure, the frequency in a particular pass band is 
an even periodic function of the propagation coefficient.© For a 
corrugated waveguide propagating the circularly symmetric TM 
mode, the form of a typical frequency/propagation-coefficient 
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(a) 


Fig. 2 
(a) Cavity made up from length of corrugated circular waveguide and 
terminated by two half-sections. 


(b) Cavity made up from length of corrugated circular waveguide and 
terminated by two full-sections. 
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Fig. 3.—Typical Brillouin diagram for a corrugated waveguide 
operating around 10cm. 


characteristic for the lowest pass band is shown in the Brillouin 
diagram, Fig. 3. The function has a period 27/D, where D is 
the corrugation pitch, and, being an even function, it may be 


expressed as a half-range Fourier cosine series. We may therefore 
write 
Ww co 
=— = COSK ED es rer 
f 20 40 i o> % B () 


where f is the propagation coefficient, fis the frequency, and the 
coefficients ay)...a, are determined by the geometry of the 
guide. 

If the coefficients in eqn. (1) converge rapidly, only a few 
terms suffice to give an accurate expression for the frequency 
in terms of the propagation coefficient. The coefficients ag, ay, 
a>, etc., can be obtained for any given guide from a few measure- 
ments of frequency and guide wavelength made at suitable points 
in the pass band. It is shown later that the convergence of series 
(1) is extremely rapid in all the waveguides that were measured; 
in no instances are more than six terms required to give an 


accuracy better than 1 part in 15000, and in general only three 
or four terms are required. 
The measurement of certain parameters associated with corru: 
gated structures, namely series impedance, shunt impedance 
and attenuation, require a knowledge of the variation of group 
velocity within the pass band.” This is readily obtainable by 
differentiating eqn. (1): 
ie @) 

v= i: = — 27D X ka,sn KBD. . . @ 

Although the convergence of eqn. (2) is not so rapid as that of (1), 
it may provide a more accurate method of determining v, than 


‘by numerical or graphical differentiation of an experimental 


dispersion curve.” 
(3) TECHNIQUE 


The determination of the coefficients a...a, is simplified 
considerably if values of frequency, fo.../; ((> k), can be 
obtained for a number of equally spaced values of 6 within one 
half-period. 

A cavity is made up’ of a length of corrugated waveguide 
terminated at either end by reflecting planes, such planes being 
placed either at the mid-section of a corrugation or of an iris 
in order to preserve the symmetry. Fig. 2 shows the former 
and latter methods of termination for a cavity having six corru- 
gations. . 

If the cavity is m corrugations long, the possible modes of 
oscillation are given by 

as 
m 5 nD 
where m has the values 0, 1, 2... for a termination as shown 
in Fig. 2(a), or 0, 1, 2...(# — 1) when the cavity is terminated 
as in Fig. 2(d). 


Therefore A, = — = 


™™ 
whence B= p- * * 2 
When m= 0, there is no phase change between consecutive 
corrugations and this field configuration is designated the 
0-mode; when m =n, the phase change per corrugation is 7 
radians and the corresponding configuration is now called the 
m-mode. The absence of the z-mode for the lowest pass band 
when the cavity is terminated as in Fig. 2(b) has been dealt with 
by several authors.4>8 In view of this, all investigations of the 
lowest pass band were done with cavities terminated as in Fig. 2(a), 
and therefore having the 7-mode present. 

If, for example, n = 6, the cavity will resonate at the seven 
frequencies fo, f; .../f6 corresponding to m=0,1...5, 6. 
can be shown? that under these conditions the coefficients é 
far as ag, may be determined from these values of f by the 
following relationships: 


12a) = (fo + 2f1 + 24 + 2f, 4+ 2f,+2f,+f) Ga 
64, = (fo th —he -fD +-V30 -f) . . (GO 
62=—FftAt+h+f-ht+f4+2h) . Gi 
643 = (fo — fg + 2f4 — 2A) (Sal 
6a, = (fo + fe + 2fs) -—G +h +h sp) . Ce 
645 = (fo +h, —f, —f) +7305 —f) . 


12ag = (fo — 2f, + 2f. — 2fg + 2f,-2f; +f. Gal 


The resonant frequencies were determined by measuring the 
cavity responses around each resonance and plotting the corre 
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onding Q-curves.? The frequency of the klystron local 
cillator was measured using a high-Q, Ho;; cavity wavemeter. 
ue experimental error in measuring the frequency for any 
ven B was estimated to be about +1 part in 15000. There is no 
‘int, therefore, in trying to evaluate coefficients smaller than 
/15000. In the majority of cases considered, a; and higher 
efficients can be neglected on this account. When only three 
rms are required to give sufficient accuracy, 


4a) = (fo + fe + 2f3) . (5h) 
2a; = (fo — fo) (Si) 
4a, = (fo — 2/3 + fo) (Sj) 


aere fo, f3 and f¢ are the frequencies of the 0, 77/2 and 7 modes 
spectively. Eqns. (Sa)—(5c), however, present a determination 
‘these three coefficients, if sufficient data are available, that is 
3S sensitive to observational error than when only three fre- 
sencies are used. The coefficients aj, a, and a, under these 
inditions represent the best fit in accordance with the criterion 
\least squares. 


(4) RESULTS 
| (4.1) Dispersion Curve Equations 


[The dispersion curve for a corrugated waveguide having 
p= 2°Scm, a= 0-9948cm, b = 3:9310cm and (D — d)= 
5560cm was evaluated from the resonant frequencies of the 
(7/2 and am modes using equations (5h)-(5/). The resulting 
ries is given below, together with Table i, comparing the 


Table 1 
y= = f (calculated) Ff (experimental) Difference | 
c Mc/s Mc/s Mc/s 
5 2991-65 2991-65 0-00 
6-25 2 988-80 2988-65 —0-15 
71-5 2984-30 2984-30 0-00 
8-33 2981-42 2981-35 —0:07 
10 2976-75 2976-75 0-00 
12°5 2972-02 2972-00 —0-02 
15 2 969-06 2969-05 —0-01 
2961-20 2961-20 0-00 


derimentally obtained resonant frequencies for intermediate 
odes in the pass band with those predicted by eqn. (6). It 
1 be seen that agreement is extremely good: 


f = 2976-59 — 15:22cos BD —0:165cos2BD . . (6) 


selection of results for corrugated waveguides of varying 
ensions is given in Table 2. 

e convergence of the series for waveguides 1-3 is extremely 
pid; all higher-order terms that are omitted were less than the 
oerimental error of about +0:2Mc/s. With waveguide 4, 


having a smaller corrugation pitch of only | cm, the convergence 
is much less rapid. 


(4.2) Group Velocity Measurements 
Egn. (2) gives 


oO 
vz, = — 27D YS ka, sin kBD 
k=1 


The convergence of this series is slower than that of the series 
in eqn. (1) since the general coefficient a, is now multiplied by k. 

The magnitude of the group velocity is determined largely by 
the first term a, of series (2), particularly in the centre of the 
pass band (8D ~ 7/2), which is usually the section of interest. 
The error due to omitting coefficients higher than a,_, is 
approximately ka. 

Therefore 

: ka, 2 
Percentage error in v, = or: 100% 

If it is desired to limit this error to 1%, the series must be 
evaluated as far as the term in a,_,, where k is given by 


Reference to earlier results shows in general that, to obtain 1% 
accuracy for waveguides 1-3, two terms only are required, 
whereas five terms are required for waveguide 4 (see Table 2). 
In general, if the expansion relating 8 and f is accurate to +1 
part in 15000, the group velocity obtained by differentiating this 
equation is accurate to better than 1°% at the centre of the pass 
band. The accuracy tends to fall off at either end of the pass 
band. 


(5) CONCLUSIONS 


It would appear that for the range of corrugated circular wave- 
guides used in linear accelerators, the dispersion characteristics, 
i.e. frequency/propagation-coefficient, may be expressed with 
considerable accuracy as the first few terms of a Fourier series. 
For a waveguide having ten corrugations per wavelength, about 
six terms are required in the expansion, but for a waveguide with 
five or less corrugations per wavelength, only three terms are 
required. The convergence of these series is such that they may 
be differentiated to obtain a further expression for the group 
velocity, in error by less than 1%. 

The technique described presents an accurate and rapid way 
of determining the dispersion curve. In the majority of structures 
used for travelling-wave linear accelerators, only three point 
frequencies, corresponding to the 0, 77/2 and 7 modes respectively, 
are needed to determine the equation of this curve. 

The majority of slow-wave structures used in travelling-wave 
tubes and backward-wave oscillators are much less dispersive 
than those already described, and consequently the coefficients 
of eqn. (1) are not likely to decrease so rapidly as in the case of 


Table 2 


Dispersion relationship: 


Mc/s 


i a Le LE Le LL le ae an, Se hort 
We a b D WE da) 
"5 00. ye e 13 BD — 2-67 2BD 
{1 1-50 4-006 2-5 0:25 3018-13 — 104-13 cos — 2:67 cos 
WP og 1°25 3-949 2°5 0:25 3001-52 — 60:23 cos BD — 1-075 cos 28D 
33 1-30 3:9725 2 0:25 3017-79 — 80:55 cos BD — 3-42 cos 2hD 
{4 1°3 4:0129 1 0:25 


3091-89 — 108-96 cos BD — 18-91 cos 2BD — 3-58 cos 3BD — 1:11 cos 48D —0-19cos 5hD 


* Results taken from data published by Grosjean.!° 
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accelerator structures. However, this method may still provide 
a convenient way of presenting the dispersion characteristics for 
such structures. 
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SUMMARY 


he padding of a metal surface by one or more layers of a dielectric 
terial is examined, and it is shown that an improvement in reflectivity 
a be obtained provided that the loss factor (tan 6) of the dielectric 
‘mallenough. For most materials the gain is approximately propor- 
nal to +/e/tan 6, where « is the dielectric constant. 

Bince the reflectivity of a metal diminishes as the frequency is 
eased, it is to be expected that dielectric padding will becomé more 
vantageous at the higher frequencies which can now be generated. 
* known materials, no improvement is to be expected at frequencies 
ch below 3000M¢c/s, but at that frequency a gain of two was 
served for a ceramic material consisting mainly of titanium dioxide. 
3y laminating a dielectric it is possible to reduce the effective loss 
éer. A reduction in € must occur, but an overall increase in 
/tan 6 can be obtained. In the case of titania, laminating can give 
irther improvement by a factor of three, and hence at 3 000Me/s it 
~coretically possible to produce a surface which is six times as 
fective as a metal. At higher frequencies even greater gains may 
ossible. 


LIST OF PRINCIPAL SYMBOLS 


5 €9 = Permeability and permittivity, respectively, of free 
4 space. 
e€ = Dielectric constant. 
,Z 4 = Characteristic wave impedance in an air filled region. 
(Zp = Characteristic wave impedance in a dielectric filled 
region. 
‘Mm = Characteristic wave impedance of a metal. 
6 = Loss factor of dielectric material. 
f = Frequency. 
ff, = Cut-off frequency in air filled guide. 


(1) INTRODUCTION 


‘n all microwave devices some power is absorbed by the walls 
ataining the electromagnetic fields, and in many cases the 
ciency of the device is very largely determined by this wall loss. 
considerable amount of work has been done in recent years 
connection with the utilization of metal walls, but there is 
reason to suppose that a different order of surface resistance 
be attained. Moreover, in a metal wall the effective surface 
‘stance increases with frequency, owing to skin effect, and so 
1 loss becomes a more serious problem at the higher fre- 
rncies which can now be generated.* 

Phere is no known material which in any way approaches a 
tal in reflective power, but the transformer property of a 
arter-wave thickness of a dielectric can be used to prepare 
‘ficially a surface which is highly reflecting. Much use has 
The propagation of an Ho; mode in a circular waveguide might seem to be an 
In this case, however, the diminution of attenuation with frequency is due 
bxc change in field pattern which over-compensates the increase in absorptive power 
For a given power flow in the guide, the magnetic field strength at the 


é@ ninishes in proportion to the frequency, whereas the absorptive quality of the 
imereases in proportion to the square root of the frequency. 
titien contributions on papers published without being read at meetings are 
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USE OF DIELECTRIC MATERIALS TO ENHANCE THE REFLECTIVITY OF A 
SURFACE AT MICROWAVE FREQUENCIES 


By G. B. WALKER, M.A., Ph.D., and J. T. HYMAN, B.Sc.(Eng.), Graduate. 


(The paper was first received 29th June, and in revised form 24th October, 1957.) 


been made in optics of dielectric layers, especially for the converse 
problem of producing a perfectly absorbing surface, but the 
technique does not appear to have received a comparable amount 
of consideration at microwave frequencies, and it is not generally 
known that with dielectric materials available at present it is, in 
fact, possible to produce a surface which is more reflective than 
a metal. 

In this paper an attempt is first made to set down a criterion 
which will decide whether any particular dielectric material is 
suitable for this purpose, and subsequently an experiment is 
described which demonstrates the advantage to be gained. 


(2) SPECIFICATION OF WALL LOSS 


To compare the quality of different surfaces, the ratio of 
absorbed power to incident power may be taken. Factors such 
as the shape of the surface and the electromagnetic field pattern 
are important, but for most purposes a satisfactory comparison 
can be made by evaluating this ratio for a plane surface on to 
which a wave is incident in the direction of the normal. For 
waves in free space and for all propagating modes in a waveguide 
the ratio of the transverse E and H field components is constant 
over a wavefront and is known as the wave impedance. Since the 
power flow depends only on the transverse field components it is 
convenient to express the absorption ratio r in terms of the 
characteristic impedance Z, of the incident wave and the impe- 
dance Z, existing at the absorbing surface. It can be shown that 


Ge 
saz) 2 
Sepa Mes TIN lg ks taser i) 
RZ, 


The ratio tends to zero if Z, is very large or very small compared 
with Z,, and hence a perfect reflection occurs if the wall acts 
either as an open-circuit or as a short-circuit. For reasons to 
be given later the open-circuit case is not of practical interest, and 
in what follows only the short-circuit case will be considered. 
For this the absorption ratio reduces to 42Z,/ZZ 4. It may be 
noted that this approximation is equivalent to the one it is 
customary to use in calculating wall loss, the field outside the 
wall being calculated on the assumption that no wall loss occurs, 
the wall loss being subsequently deduced from a knowledge of 
the magnetic field strength at the wall. 


2 


(3) REFLECTION FROM LOSS-FREE QUARTER-WAVE 
DIELECTRIC LAYERS 

As will be shown later, the improvement in reflection to be 
obtained by the use of quarter-wave laminations of dielectric 
material (dielectric padding) is almost entirely determined by the 
loss factor of the material. It is instructive, however, to consider 
first the ideal case of loss-free material. 

The effect of a single quarter-wave thickness of dielectric is 
to invert the impedance. Thus, if a sheet of characteristic impe- 
dance Zp is placed in contact with a metal surface of impedance 
Zy, the impedance at the outer face of the dielectric is Z5/Zy. 
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If two dielectric layers are used, having impedances Zp; and Zp», 
the latter referring to the material in contact with the metal, the 
impedance at the outer face is (Zp,/Zp2)?Zyy. The process can 
be continued for multi-layers, each additional layer causing a 
further inversion. 

To obtain an enhanced reflection it is clearly desirable to use 
alternate layers with the greatest possible difference in impedance. 
For non-magnetic substances the highest wave impedance is that 
of free space, Z,, and hence the greatest effect is to be obtained 
by the use of dielectric layers separated by air spaces. 

It may be remarked that, by having an odd number of quarter- 
wave laminations, a high-impedance or open-circuit boundary 
can be produced. It is easy to show, however, that unless a 
material having wave impedance greater than air is placed in 
contact with the metal, no improvement in reflection can result. 
It is possible that a ferromagnetic material could be found which 
would give an enhanced reflection in this way, but this question 
will not be discussed here. 


(4) REFLECTION FROM A DOUBLE LAYER 


In Fig. 1 a sheet of dielectric material of thickness d is placed 
at a distance D from a metal surface. The air space may be 
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Fig. 1.—Dielectric sheet placed in front of a metal surface. 


regarded as loss-free, but in the dielectric the propagation 
coefficient is complex, having a real part, or attenuation coeffi- 
cient, «, and an imaginary part, or phase-change coefficient, jf. 
Taking D as one-quarter of the wavelength in the air region, the 
wave impedance at the surface of the dielectric nearest to the 
metal is Z3/Z,, (as mentioned in the previous Section), and 
hence, by the well-known impedance transformation, the wave 
impedance at the outer surface of the dielectric is 


VAGAVAY: =i Zp tanh yd 
Zp + (Z2[Zy) tanh yd ° 


It can be shown that ZZ is a minimum when d is a quarter of the 
wavelength in the dielectric region, i.e. for Bd = 7/2. Using 
this value of d, it can be shown that ad ~ (7/4) tan 6, where 
tan 6 is the loss factor of the material, which for low-loss 
materials is less than 10-+. It is therefore permissible to replace 
tanh yd by 1 I(a/4) tan 6. In the denominator of the expression 
for Z given in (2) the term Zp is negligible compared with 
(Z2/Zyy) tanh yd, and hence one may write, with an error of less 
than 0:1%, 


Z= “LD7 (2) 
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A physical meaning can be given to the two terms which define 
the surface impedance Z. The first, namely (Zp/Z4)?Zyy, takes 
account of the metal wall and shows that the loss in the metal 
wall is reduced by the factor (Zp/Z4)?.. The second term, 
namely (7/4)Zp tan 6, depends entirely on the dielectric and 
accounts for the energy absorbed there. 


(5) REQUIREMENT FOR ENHANCED REFLECTION 


The condition that the reflection at the outer surface of the 
dielectric is better than for a metal surface without padding i 
that BZ < #Zy,, and hence by (3) it is necessary that 


tan 8 <(4/nZp)[1 —(Zn1Z"1%@Zm tS OG 


It is interesting to note that, if infinitely many layers of diele 
tric are used, the impedance at the outer surface, as may be 
deduced from (3), is 


z= Tan 8Zp] 1 + Ne | 


“tan SZpU/[1 —(ZpIZa"]} - , . a 
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and hence the inequality (4) is also the condition that the reflec- 
tivity of an infinite stack of quarter-wave dielectric layers exceeds 
that of a metal. It is therefore a perfectly general criterion. 
To illustrate the importance of the dielectric constant it is 
helpful to evaluate Zp and Z, for an unbounded plane wave 


writing (Zp/Z 4)? = 1fe and Zp = ~/(u/ege) = 1207/r/e. Eqn 
(3) then becomes 

1 307? tan 6 4 
Lig mA M = Je . @ 

and the inequality (4) becomes, after rearrangement, 
AZ : 
tan 6 ee i (7) 
€ 3072 j 


It is doubtful if a metal surface can be prepared which has 
an effective conductivity in excess of about 6 x 107 mhos/metre, 
and hence dielectric materials for which tan 64/e/(e — 1) is less 
than 5 x 10-5 at 3000Mc/s, or 9 x 10-5 at 10000Me/s, 
should prove to be better than metals. 


(6) ESTIMATED REDUCTION IN WALL LOSS 


By means of dielectric padding, wall loss is reduced by the — 
factor R= #2Z/BLZy,, which, for a single quarter-wave thickness 
of dielectric in the unbounded case is 


1  tand 307? 
IR Se SS 
€ a5 BAG AZ ( 7 
or for an infinity of layers, 
/€ 3077 
R= Z 
tan oe —{ BZ, (9) 


Materials with a low dielectric constant are not of practical 
interest, since a number of comparatively thick layers would be 
required. Moreover, if the dielectric constant is near to unity 
it is necessary for tan 6 to be exceedingly small for any advantage 
to be gained. Thus, for example, fused quartz with tan 6 as 
low as 6 x 1075 and a dielectric constant of 3-78 at 3000 Me/s 
gives for tan 6./e/(e — 1) the value 5 x 10-5 and so n 
improvement is to be expected. 

Probably the most suitable materials are ceramics having. 
dielectric constants in excess of 10. A single layer only is 
required, and the loss reduction factor is given effectively by the 
second term in (8), namely 


__ tan 6 307? q 
=e 


Ceramics consisting mainly of titanium dioxide are known te 
have a tan 6 of between 2 x 10-4 and 3 x 10-4 and an « of 


out 90. Such materials may be expected by (10) to give a loss 
duction of about one-half. An experiment to confirm this is 
scribed in Section 9. 


(7) REFLECTION IN WAVEGUIDE 


As has already been stated, eqn. (3) gives the impedance at the 
rface of a quarter-wave layer of dielectric placed at a distance 
(a quarter of a guide wavelength from a plane end wall in a 
wweguide of any section. In the case of a rectangular guide, the 
pression also applies to dielectric padding attached to the side 
lls. Dielectric padding can also be applied to the side wall in 
guide of circular section, but the analysis of reflections, though 
alitatively similar, requires a modified treatment especially if 
i dielectric thickness is an appreciable fraction of the guide 
jus. 

or the case of the padded end wall (normal to the guide axis) 
2 values of Z4 and Zp depend on whether an E- or an H-mode 
being propagated. For an E-mode it is well known that 


Zp = by we < uinalh 


Zy= wi {et - cine 


ad hence by (3) 
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ar cut-off (f— /,) the loss at the metal wall is greater than 
ithe unbounded case, but for «€ >10 no other change is 
ticeable. For an H-mode 
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r cut-off the loss at the metal wall is less than for the 
sounded case, but again for « > 10 there is little other dif- 
2nce. One may conclude, therefore, that in cases of practical 
2rest the reduction in wall loss to be gained by the use of a 
ticular dielectric material in a waveguide or resonant cavity 
ittle different from that which would be obtained for the case 
n unbounded wave given by eqn. (10). 


APPLICATION OF SPECIALLY PREPARED DIELECTRICS 


tis known that the loss factor of a material can be effectively 
jinished by introducing loss-free air spaces throughout its 
ume. This procedure must inevitably lower the apparent 
dectric constant, but, as will now be shown, an overall reduc- 
1 in the factor tan 6/,/e can be obtained. 

ne simple way in which air spaces can be introduced into a 
terial is by laminating it. A composite medium formed in this 
y has been discussed by Harvie,* who has shown that the 
sct've dielectric constant and loss factor depend on the 
ection of the electric field, the composite medium being 
Fornogeneous. , 

£ k =g/(g + h), where g is the thickness of each dielectric 


1 R Suerspy-Harvie, R. B., MuLzert, L. B., WALKINSHAW, W., Bett, J. S., and 
“<p. B. G.: ‘A Theoretical and Experimental Investigation of Anisotropic-Dielectric- 
' Linear Accelerators’, Proceedings J.E.E., Paper No. 2127 M, July, 1956 (104 B, 
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layer and A the width of the air space between layers, it can be 
shown that for an electric field normal to the laminations the 
effective dielectric constant e,, and loss factor (tan 6),, are given by 
zr 1 

Slik ile 


(tan 8), = tan 8.k. (e,/e) (14) 


where tan 6 and « refer to the dielectric forming the laminations. 
For an electric field parallel to the laminations one obtains 


€n 


(13) 


and 


ep =1—k+ke 


(tan 6)7 = tand.k.(efez) . 


(15) 
(16) 


These quantities were derived by Harvie* on the assumption 
that the loss factor is small and the thickness of the laminations 
negligible compared with the wavelength. (In his paper the 
Q-factor of the material is referred to, which is equal to 1/tan 6.) 

For the normal field it follows that 


(tan 4), 
V/ En 


The factor k1/(e,/¢) is always less than unity and hence an 
improvement in reflectivity must result. For the case of titania, 
taking « as 90 and e, as 10, it has the approximate value of one- 
third. By this means it should be possible to prepare a surface 
six times as reflective as a metal, a factor of two being obtainable 
with solid titania. 

For an electric field parallel to the laminations, 


tan 6 


— nee V(Enl €) 


(17) 
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No improvement is to be obtained in this case since the factor 
k(e/e7)?/2 is greater than unity in all cases of practical interest. 

The reason why an improvement is obtained in the case of 
the normal field is that the energy density is higher in the air 
spaces than in the dielectric, and hence the best possible use is 
made of the air spaces. When the field is tangential the energy 
density in the dielectric is greater than in the air space and conse- 
quently losses are greater. By considering boundary conditions 
it can be seen that these are, in fact, the limiting cases. In the 
former the field strength in the dielectric is 1/e times the field 
strength in the air space, whereas in the latter the field strengths 
in the air and dielectric are the same. In any other method of 
aerating the diclectric, the field strength in the dielectric must lie 
between these limits. 

There are obvious practical difficulties in preparing laminated 
materials suitable for ‘padding’. If the dielectric laminations 
are of a material with a high value of « it can be seen from (13) 
that «, is almost independent of « and is given, approximately, 
by g/h; hence the air space is only 1/e, times the thickness of a 
dielectric layer. 

For maximum effect the thickness of each dielectric layer 
requires to be a small fraction, say one-tenth, of the wavelength 
in the dielectric, and hence the air space is approximately 
1/(10e,<!/2) times the free-space wavelength. For the case of 
titania at 10cm, this gives an air space of only about 0:Ol1i cm. 
The dimension of the air space is extremely important and the 
task of preparing such laminations is formidable. This places 
an upper limit to the values of ¢,, and « which can be used. 


(18) 


(9) EXPERIMENTAL MEASURE OF REFLECTIVITY 
It was decided to use a cavity method to measure the reflectivity 
of a dielectric-padded surface, since free-wave and waveguide 
methods tend to become difficult and inaccurate when compari- 
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sons are to be made of highly reflecting surfaces. A cylindrical 
cavity of circular section and plane end walls was chosen, and 
the Q-factor of this cavity (Q,,) was measured by a conventional 
transmission method, coupling loops having been inserted at 
diametrically opposite positions about half-way along the curved 
wall. One end wall was then removed and replaced by a dielec- 
tric disc of quarter-wave thickness. The curved wall of the 
cavity was extended for a quarter-wave distance behind the disc 
and a flat metal plate provided the terminating wall, as shown in 
Fig. 2. Using the same coupling loop the Q-factor was again 
determined (Qp), and from a knowledge of these two quantities 
it was possible to calculate the change in reflectivity. 

Ceramic discs of titanium dioxide (with some stabilizing 
additives) were available which had a dielectric constant of 93, 
a tan 6 of about 3 x 10-4 and a diameter of 3-03lin. The 
diameter of the cavity was chosen to accommodate this disc, 
and in the frequency range 3000 Mc/s + 500 Mc/s which could 
be covered by the available measuring gear there were only two 
modes which could be used, namely the H,,; and the Eo). 

In the H-mode the wall loss is considerably greater on the 
curved wall than on the end wall. As may be shown by calcula- 
tion, for a cavity of diameter 3-031 in and for the case when all 
walls are metal, the loss on the curved wall is about 6-24 times 
that on one end wall, and consequently the introduction of 
dielectric padding on one end wall could have only a small effect 
on the Q-factor of the cavity. For the E-mode the loss at the 
curved wall is only 2-06 times that at one end wall and hence this 
mode was chosen. 

In order to obtain an accurate comparison between Qj and 
Qp, the same cavity and coupling system was used for each. To 
aid in assembly a copper band was shrunk on to the ceramic disc 
and a recess cut at one end of the tube, forming the curved wall 
of the cavity, to accommodate the copper band, as may be seen 
in Fig. 2. In experiments to measure Q,j, a metal disc, recessed 
to accommodate the projection of the copper band beyond the 
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Fig. 2.—Cavity used for reflection measurements. 


dielectric surface, was pressed on to form an end wall. The 
other end wall, which was also detachable, consisted of a flat 
plate butting against the remote end of the tube. Pressure plates 
were then applied at each end of the cavity and the whole was 
drawn together with tie rods. 

This method has been used successfully in many other cavity 
experiments using titania discs. Reliable, repeatable results can 
easily be obtained, but care must be taken to ensure that all 
surfaces are clean and accurate in shape. 

Measurements of Qy, and Qp were taken over a range of 
frequencies, the resonant frequency of the cavity being altered by 
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Fig. 3.—Ratio of cavity Q-factors as a function of frequency. 


Qp refers to cavity with dielectric padding. 
Oy tefers to the all-metal cavity. 


turning off metal from one end in order to reduce its length. The 
results are shown in Fig. 3. As would be expected, a marked | 
improvement is to be found over a narrow band of frequencies, 
the maximum value of the ratio Qp/Q,y being about 1-13. 

Since the volume, frequency and mode pattern of the cavity 
are the same in measuring both Qp and Qy,, the ratio of the 
Q’s is inversely proportional to that of the wall loss in the two: 
cases. Thus, if x represents the factor by which the loss in one 
end wall is diminished by the dielectric padding, 

Op 2°06 -- 2 
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so that for Op/Qy, = 1°13, x = 0-53 and the padded wall is 
approximately twice as reflective as the metal. : 


(10) CONCLUSION 


The purpose of this work has been to examine the theory of 
dielectric padding and to demonstrate that it is practicable. 
is unlikely that there are applications at frequencies below about 
3000 Mc/s, and even at that frequency the improvement in 
reflection by a factor of two which was obtained with titania is 
exceptional and no material was found which could exceed this” 
figure. At higher frequencies, owing to the deterioration in the 
reflection from a metal, the position appears to be much more — 
hopeful, but as yet no experimental measurements have been 
made. 

The quality of a dielectric material for use in padding depends 
almost entirely on the factor tan 6/,/e, and it may be possible to 
manufacture materials which are better than existing ones in this 
respect. The fact that a considerable improvement, in theory at 
least, may be obtained by laminating any particular materia 
provides support for this expectation. 

It has been shown that dielectric padding gives a maximum 
advantage at a fixed frequency and provides a useful advantage 
only over a narrow frequency band. This is inherent in the 
method, and any attempt to improve the bandwidth, for example 
by using multiple slightly detuned layers, must inevitably result 
in a loss in reflectivity. For devices working at a fixed frequency 
the tolerances on the dimensions of the padding are normally 
less exacting than for a simple metal wall. The most important 
dimension is the thickness of the dielectric slab, but this does not 
present any special difficulty when ceramic materials are used, 
since they can easily be ground to exceedingly fine limits. 
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SUMMARY 


The paper describes a simple standard technique, using thin metallic 
ms sputtered on mica, for the direct measurement of powers in the 
nge 1-100mW. The experiments were carried out at a frequency of 
0Gc/s (wavelength 3 cm), but the methods used are of general applica- 
3n in rectangular waveguides. 

The absorbing films consisted of a platinum deposit, of the order 
*10-cm thick, on a mica strip 0-3-0:4cm wide, located sym- 
etrically in the transverse plane. The change in resistance or rise 
' temperature can be used as a measure of input power, which is 
termined by a d.c. calibration. The operating bandwidth, for a 
ven waveguide, is greater than that normally available with thermistors 
ad bolometers, and the techniques described seem especially con- 
‘nient for the calibration of these instruments. 

Good agreement has been obtained in a comparison with calorimeters 
iad a force-operated wattmeter, and the results indicate that an error 
mi? Of not more than +3 % can be achieved at a frequency of 10 Gc/s. 


(1) INTRODUCTION 


. At frequencies above a few hundred megacycles per second 
e efficiency of transmitting and receiving equipment is generally 
tablished by measurements of power, since in this region of the 
-dio-frequency spectrum the basic quantities of current and 
bltage are difficult to determine. As a result, much effort has 
«eady been devoted to the development of standard techniques 
* power measurement, especially for frequencies above 2 Gc/s 
vavelengths below 15cm). The constant-flow water calori- 
ter, for example, is frequently used for this purpose in wave- 
aide transmission lines. In addition, torque-operated watt- 
ters of the single- or double-vane!>* type are now available 
‘the United Kingdom for frequencies near 10 Gc/s, and are, in 
ny ways, more convenient in use than calorimeters. All these 
struments, however, require powers of several watts or more 
r their operation and many measurements in microwave 
velopment are carried out at much lower levels. There is a 
sed, therefore, for power-measuring standards at all powers 
‘low about 1 watt, and especially for powers of a few milliwatts. 
pme work has already been done with this aim in view; for 
ample, a microwave microcalorimeter has been developed at 
National Bureau of Standards for use? at 10Gc/s, and 
dified force-operated methods for use at relatively low levels 
ve been investigated by Cullen and French,’ and by Bailey.> 
evertheless, a simple method suitable for general use is still 
. important requirement. 
The paper describes a technique, using thin metallic films, 
ich has been developed in an attempt to meet this need.® It 
as considered that a method having an error limit of 2-3'% or 
s would represent a useful advance in measuring technique, 
pecially if this performance could be achieved at frequencies 


| the order of 10 Gc/s and above. 
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TRANSVERSE FILM BOLOMETERS FOR THE MEASUREMENT OF POWER IN 
RECTANGULAR WAVEGUIDES 


By J. A. LANE, M.Sc., Associate Member. 


(The paper was first received 25th September, and in revised form 30th October, 1957.) 


(2) BASIC CONSIDERATIONS 


The method generally used at the present time for the measure- 
ment of power at the milliwatt level makes use of thermistor 
beads or bolometer wires calibrated by d.c. power. These 
resistance-type milliwattmeters have, however, several limitations 
as standard instruments at frequencies above 3Gc/s. They can, 
of course, be calibrated against the high-level standards by using 
calibrated attenuators, but the experimental difficulties encoun- 
tered are considerable. 

In considering possible alternative techniques, the advantages 
of a film bolometer, with a thickness appreciably less than the 
skin depth, were realized at an early stage in the present investiga- 
tion. Little work appears to have been done on film bolometers 
for waveguide applications, and the only published information 
known to the author relates to extended films, similar to those 
used in variable attenuators, placed parallel to the waveguide 
axis. This arrangement was used by Collard in an instrument 
termed the enthrakometer, a fraction of the input power being 
absorbed in a film on the side wall of the waveguide.? Similarly, 
resistive films have also been used in an air thermometer for the 
measurement of powers of 10-100 mW at a frequency8 of 10 Ge/s. 
The main difference between these two instruments on the one 
hand and the instrument described in the present paper is in the 
arrangement of the film and in the methods used for measuring 
the power absorbed. 

It is well known that a thin film in the transverse cross-section 
of a waveguide, when followed by a perfectly reflecting plunger 
at a distance of (2n — 1)A,/4, where n = 1, 2, 3, etc., and A, is 
the wavelength in the guide, will act as a non-reflecting termina- 
tion, provided that the film has a uniform surface resistivity 
equal to the wave impedance, Z, of the mode being transmitted. 
For the Ho; mode in rectangular waveguide we have 
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Laas verse 

As pointed out by Collard,’ an arrangement of this kind should 
facilitate the measurement of relatively low powers. In such a 
film, however, the axial component of the Poynting vector will 
vary in magnitude over the transverse cross-section, the power 
dissipation per unit area being a maximum along a central line 
parallel to the narrow wall in the case of the dominant mode. 
It was considered, therefore, that the requirement of maximum 
sensitivity, coupled with the ideal of pure substitution of d.c. 
power for microwave power, would best be achieved by using a 
relatively narrow strip in the transverse plane, located sym- 
metrically in a region in which the transverse electric and magnetic 
fields are very nearly uniform. A waveguide obstacle of this 
nature has not been investigated either theoretically or experi- 
mentally, so far as the author is aware. In fact, it is not imme- 
diately obvious that a non-reflecting termination can be 
obtained in this way. However, as will be evident below, the 
input-voltage standing-wave ratio (E,,in/Enax) can be made 
comparable with the values normally achieved in existing milli- 
wattmeters. Moreover, this performance can be obtained with- 
out the need for impedance transformers. 
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Since the temperature gradients over the transverse film are 
very nearly identical under d.c. and high-frequency conditions, 
it is merely a matter of convenience whether the change in 
resistance or the temperature rise at a point is used as an 
indication of the power absorbed. Both methods have been 
used in the present investigation, although the latter technique is 
preferred since a direct indication of the power can be obtained 
by using a thermo-junction and galvanometer. This procedure 
is similar to that followed, for example, by Guild in the absolute 
temperature-drift radiometer developed for use at optical 
frequencies.? 


(3) DETAILS OF DESIGN AND CALIBRATION 


All the films used in this work were prepared in the Light 
Division of the National Physical Laboratory and consisted of a 
platinum deposit (of the order of 10~®cm thick) on mica strips 
10°*cm thick. Film widths of 0-3-0-4cm were found to be 
convenient in standard 3cm band waveguide. The platinum 
was deposited by a process of sputtering in a vacuum chamber 
at a pressure of the order of 10-2mm Hg, the resistivity being 
controlled in the first instance by regulation of the sputter- 
ing time. Subsequent adjustments of resistivity to obtain an 
optimum value were made by heating the film on a hot-plate. 
Gold deposits were prepared on the ends of the film to which d.c. 
contacts were attached in the final assembly. Typical dimensions 
for the completed film are shown in Fig. 1. 
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Fig. 1.—Dimensions of typical film bolometer. 


A preliminary investigation was made of the effect of variations 
in film width and resistivity on the measured normalized impe- 
dance of the film when located in the transverse plane. It is 
only necessary here to summarize the results obtained for the 
strips shown in Fig. 1, and typical values obtained at a frequency 
of 9:2 Ge/s (wavelength 3-26cm) are given in Table 1. 


Table 1 


MEASURED NORMALIZED IMPEDANCE OF BOLOMETER FILM: 
i = DEAGES 


Measured normalized 


D.C. resistance impedance 


ohms 


260 
370 
580 


The film thus behaves as a resistance in series with an induc- 
tance, the value of the latter quantity being approximately 
constant for a film of given width. A film having a d.c. resis- 
tance of 480-500 ohms should therefore provide a non-reflecting 
waveguide load at a frequency of 9-2Gc/s when followed by a 
reflecting plunger at a distance slightly greater than ,/4. The 
calculation of the input impedance of the complete unit is 
summarized in the Appendix (Section 8), and the results are 
shown in Fig. 2. The curves were calculated for a film of 
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2.—Variation of input v.s.w.r. with frequency for bolometer | 
of optimum resistance. 
(a) For fixed plunger. 


(b) For movable plunger. 
OO Experimental points. 


Fig. 


optimum resistivity; curve (a) shows the variation of input 
voltage standing-wave ratio (v.s.W.I.) for a fixed _ position of 


is obtained for an input v.s.w.r. greater than 0-9. 
owing to small departures in resistivity from the optimum value 
and other imperfections in the mount assembly, the bandwidth 
is somewhat less than that indicated by Fig. 2. Typical results 
for a complete instrument are given in the next Section. 

The complete film was clamped in a shallow recess between 
two rectangular flanges with the platinum and gold deposits 
facing the input flange. One end was insulated from the wave: 
guide by a strip of mica, 4 x 10~7cm thick, and a d.c. connection 
made to a thin strip of copper foil extending outside the flanges, 
The final adjustments in the location of the film were made using 
a low-power microscope, and a single copper-Eureka thermo- 
junction constructed from 40s.w.g. wire was attached to the 
centre of the platinum deposit by a minute quantity of suitable 
adhesive. In order to reduce reflections from the thermo- 
junction wires to a minimum, the latter were arranged to be 
parallel to the broad face of the waveguide, i.e. perpendicular to 
the transverse electric field. In observing the steady-state tem-” 
perature rise, some temperature compensation was obtained by 


the waveguide and plinges the latter being fixed at a distance of 
1-:3cm behind the film. 

Platinum films mounted in this way have been used, as men- 
tioned above, both as resistance-type milliwattmeters and as 
direct-reading instruments. In the latter method, powers of 
1-100 mW can be read directly from the same galvanometer scale 
by using suitable resistances in series with the thermo-junction. 
As a result of overheating, there is some danger of damage to 
the film at power levels much above 100mW in the present 
technique, although powers of 200-300 mW have been dissipated 
in some films for a brief period. Typical calibration results for 
two conditions of sensitivity are given in Fig. 3. Using a sensitive 
reflecting-mirror galvanometer it was possible to obtain a scale 
deflection of approximately 10cm/mW under conditions of maxi- 
mum sensitivity. The effective time-constant of the system 
varied from 15sec under these conditions to about 3sec when 
powers of 10mW or more were being measured. This relatively 
sluggish response is probably not a serious limitation in laboratory 
measurements of the kind for which the instrument is intended. 
(Subsequent experiments have shown that a smaller time-constant 
is obtained, with an increased sensitivity, by using a d.c. amplifier 
in the indicating circuit.) 

The d.c. calibration, having an estimated error limit of 
0:4-0:5%, was usually carried out at each series of measure 
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Fig. 3.—Calibration of typical film bolometer. 


ents. Although no evidence is yet available on the degree of 
ability of film resistance over a long period, no change has 
en detected in the properties of a film over a period of one or 
o months. 

When used as a resistance-type milliwattmeter, the film was 
nected into a simple d.c. Wheatstone bridge having a variable 
ade resistance box in series with the battery. The input 
ywer was determined by observing the change necessary in this 
sistance to maintain the bridge in a state of balance. Powers 
10-100mW could be measured in this way, but varying 
hbient temperature proved troublesome at much lower levels. 
bsidiary experiments included determinations of the input 
'.w.r. for the complete instrument, and measurements of the 
idual mount loss due to power dissipation in the waveguide 
ges, short-circuiting plunger, etc. Fig. 4 illustrates the input 


INPUT V.S.W.R. 
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Fig. 4.—Variation of input v.s.w.r. with frequency for typical 
instrument. 


.w.r. obtained with a typical instrument and may be compared 
th the optimum values given in Fig. 2. From measurements 
che input impedance in the absence of the film, the mount loss 


3 estimated to be not more than 0:3 %. 
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(4) COMPARISON WITH EXISTING EQUIPMENT 


Experience has shown that power measurements at microwave 
frequencies are particularly liable to concealed systematic errors 
which are often revealed only after much careful investigation. 
Comparisons between as many methods as possible are of great 
importance in assessing the accuracy of a new technique, 
especially if the instruments being compared differ in their 
principle of operation. Simultaneous measurements have there- 
fore been made using film bolometers of the type described and 
wire bolometers, water calorimeters, and a force-operated watt- 
meter of the double-vane type. Of particular importance are 
those results obtained with water calorimeters and the force- 
operated wattmeter, for experience has shown that these two 
instruments are reference standards of comparable accuracy at a 

requency of 10 Ge/s. 

In the first series of measurements, comparisons were made 
between a film bolometer and calorimetric equipment previously 
developed for the calibration of resistance-type milliwattmeters.!° 
Calibrated directional couplers and vane attenuators were used 
as necessary to establish powers in the range 1-l120mW. The 
absolute accuracy of this power level varied slightly according to 
the experimental conditions, but the inaccuracy was estimated to 
be less than 3% at any power level. Typical results on the 
performance of the film bolometer are given in Table 2 for what 
are termed, for the sake of convenience, the direct-reading and 
resistance methods. 


Table 2 
COMPARISON OF METHODS OF USE OF FILM BOLOMETER 


Method | M'reading, Ps | readings. | (Py Po) 100 
mW mW 
Direct- 1:84 1:88 
reading 2°65 2:68 
°° 1254 
30:0 30:4 (033 
48-4 48-1 
76:7 76:2 
lated 120:7 
Resistance 12-0 12-2 
19-2 19-3 
24-1 24:4 
38-6 38-5 ee) 
46-7 47-9 
95-2 She)oi/ 
119-9 120-3 


The variations in the individual values of (P, — P,) 100/P,, 
expressed as a standard deviation from the mean difference, are 
1-1 and 0-9 for the two series; there is little significance therefore 
in the difference between the figures in the final column. 

After these measurements, the calorimetric equipment was dis- 
mantled and subsequently rebuilt with minor modifications of 
design. Simultaneous comparisons were then made between a 
film bolometer, the water calorimeter, and a torque-operated 
wattmeter of the double-vane type. The complete assembly for 


IMPEDANCE WATER 
TRANSFORMER CALORIMETER 


.—Comparison of film bolometer with water calorimeter and double-vane wattmeter. 
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these experiments is shown in outline in Fig. 5. The experi- 
mental procedure was similar to that followed in previous com- 
parisons of this kind,?>!! and only the final results are summarized 
here. The figures given in Table 3 specify the net input power to 
the film bolometer, corrections having been made to allow for 
power losses in the impedance transformer and in the vane 
wattmeter. It may be mentioned here that it proved possible to 
obtain accurate readings with the vane wattmeter at a power level 
as low as 3 watts by using a fine hair-line in a galvanometer lamp 
which was appreciably brighter than normal. Typical results of 
the comparison are given in Table 3; here the film-bolometer 
results were all obtained by the direct-reading method. 


Table 3 


COMPARISON OF FILM BOLOMETER WITH WATER CALORIMETER 
AND VANE WATTMETER 


Vane wattmeter 
reading, Py 


Calorimeter 
reading, P, 


Film bolometer 
reading, Py 


mW 
1-02 
Wbo7/3 
2°48 
19-5 
20-7 
29-9 


mW 
1-02 


eis) 

2:53 
19-4 
2Os9 
30-0 


The average value of (P, — P.) 100/P. is —0-8, and this may 
be regarded as further experimental confirmation of the accuracy 
of the torque-operated type of wattmeter. The average difference 
between the film-bolometer reading, P,, and the mean reading of 
the other two instruments is —1-:2°%%. The film bolometer there- 
fore agrees with the high-level standards within the limits of 
accuracy with which the instruments can be compared. The 
random errors in the comparisons are largely due to the effect 
of variations in local ambient temperature on the film-bolometer 
reading, but these errors could almost certainly be reduced by 
improved methods of temperature compensation. 


(5) CONCLUSIONS 


The experiments described have established that transverse- 
film bolometers possess many advantages for the measurement of 
powers of a few milliwatts in waveguide transmission lines. By 
using thin films of platinum sputtered on mica, powers in the 
range 1-100mW can be measured in terms of a d.c. calibration 
with an error limit which is probably less than +3% at 10 Ge/s. 
No impedance transformers are required for most applications 
and the technique should be equally reliable for both c.w. and 
pulsed power in rectangular waveguide at any frequency. By 
improving the design of the mount assembly it should be possible 
to increase the accuracy still further. Further development at 
frequencies above 10 Gc/s would seem well worth while. 
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(8) APPENDIX 


The input impedance of a transverse film in front of a reflecting 
plunger can be calculated in the following way: 

Consider, for example, a normalized shunt impedance 0 
0:95 + j0-20 (a shunt admittance of 1-0-j0-22), correspond 
to a film resistance of 480 ohms, at a frequency of 9:2G 
(A = 3:26cm). The normalized input admittance at the pla 
of the film can be made unity by locating the plunger 1-30c 
(ie. 0-28A,) behind the film. 4 

For a fixed plunger, two factors will contribute to the frequency} 
variation of input impedance or admittance. The characteristi 
wave admittance is frequency-dependent, as is the susceptance, 4 
the plane of the film, of the short-circuited line. The value ¢ ; 
characteristic wave admittance, Y,, at a free-space wavelength 
relative to the value Yo at a free-space wavelength Ao, is given 


where Agg, Aj, are the wavelengths in the guide. The | 
admittance can therefore be expressed relative to the charac 

teristic wave admittance at any desired frequency. The variation 
in the susceptance component, B, due to the short-circuited line 
can be calculated from the relation | 


B=—jcotQmlA). . . . . @ 
Alternatively, this variation cat | 
be derived directly from the polar form of transmission-line 
chart. Fi 

| 


where / is the length of the line. 
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More and more 
manufacturers are 
specifying them. 


They are available 
in a range that covers 
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= Their prices are 
competitive. 
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unless they include our latest folder 
of Ediswan Mazda PNP Junction Transistor Data. 


May we send you a copy ? 
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